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1.1. Background of the Study 
Metals, like all materials, naturally undergo deterioration through time as a result 
of their interaction with surrounding environment. They do not occur in their pure form 
in nature because they are normally bounded to other substances in ores. Under 
processing and purification in plants, they are purified, but in return, they become 
thermodynamically unstable. Through time, they will tend to revert back to their natural 
state (i.e. lowest energy), composed of oxides and hydroxides, or other basic compounds. 
They do this by way of corrosion. The phenomenon is a very slow process and involves 
movements of small particles, e.g. electrons and ions. However, when uncontrolled, 
excessive corrosion can cause damage just as severe as natural hazards such as 
earthquake or weather disturbances.  
Corrosion is considered to be the most common cause of deterioration in any types 
of construction today 1. On one hand, it requires tedious maintenance and rehabilitation 
that entail a great deal of monetary expenditure. In the most recent study2 on the cost of 
corrosion (COC) by the National Association of Corrosion Engineers (NACE 
International) in 2016, it is estimated that the global economy spends about $2.5 Trillion 
annually, which is equivalent to 3.4% of the world’s Gross Domestic Product (GDP) in 
2013. Of this amount, the industry sector accounts for more than half of the total 
expenditure (see Figure 1-1). This sector includes cost of repairing and replacing 
damaged components in mining, manufacturing and construction industries. On the other 
hand, major accidents that were linked to corrosion resulted to countless number of lives 
lost, destruction of environment, and productive opportunities taken away. Petrović 3 in 
his review observed that corrosion-related causes account for more than 40% of structural 
failures worldwide. In turn, corrosion has been dubbed as “the largest single 














Figure 1-1. Data of cost of corrosion per country. Abbreviated: HK = Hong Kong, TW = 
Taiwan, KR = South Korea, SG = Singapore; MO = Macao 
 
 
The last hundred years saw the rise of reinforced concrete as the most prominent 
material for construction. Combining steel and concrete comes with three notable 
advantages: (1) the two materials have nearly the same thermal properties; (2) they 
complements in resisting the combined effect of tension and compression; and, (3) the 
physical presence and alkalinity of concrete cover provides a protective barrier to steel, 
which corrodes easily in the presence of moisture. However, since corrosion is inevitable, 
the very presence of metal inside a concrete makes the composite vulnerable to damage 
due to aging and environmental factors, primarily in the presence of moisture. In 
advanced stages, the load-bearing capacity of structure may be significantly reduced 
resulting to termination of its service life. 
Corrosion inevitably comes with the age of structure and, thus, the increased risk 
of failure. In Japan, historical data of constructed bridges, with length 15m or more, 
shows that the number peaked during the time of rapid economic growth between 1960s 
and 1980s (Fig. 1-2). Aging structures will increase at an alarming rate in few decades. 
The Ministry of Land, Infrastructure, Transport, and Tourism (MLIT) estimated that 
bridges with age 50 years or older will account for 43% of all constructed in 2023, and 
about 67% in 2033 5.  In this respect, the effort to repair and replace these structures 
become increasingly significant, especially against the deteriorating effect of corrosion. 
However, from the standpoint of economy and productivity, prevention should be 
prioritized than repair as the former option provides a better life-cycle design 
performance, because unlike natural hazards, corrosion is controllable. Under these 
considerations, developing ways to prevent and manage the deterioration of aging 






































































Figure 1-2. Yearly distribution of road bridges in Japan showing aging structures in the 
next decades. Data adapted from Kuwabara et al. 5 
 
 
1.2. Current approach on Corrosion Prevention 
Corrosion is either chloride-induced or carbonation-induced. Of these two, 
corrosion by chloride attack causes the most severe damage almost all of the time, 
especially in areas near the coastline. In recent years, much of research effort has been 
oriented towards the control of this problem. But regardless of mechanism, strategies 
currently known to control the process can be grouped according to three broad 
categories 6:  
(1) Application of corrosion inhibitors (e.g. galvanization or stainless steel covering) 
and surface coatings (e.g. epoxy or ceramic coating); 
(2) Installation of cathodic protection systems by connecting sacrificial anodes that 
exhibits lower electrochemical potential than the protected metal; 
(3) Use of corrosion-resistant bare metals, so called weathering steels. 
 
The first two approaches are merely counteractive in which, instead of the metal, 
an external system is applied to interfere with the corrosive agents. These approaches, 
however, require periodic monitoring of the system being applied, and they can be 
compromised due to the unpredictable nature of attack and its source. An ideal solution 
is still to use metals that are by themselves resistant against chloride attack 7. 
Weathering steel (WS) was the result of large-scale research program around the 
world during the second half of 20th century with the aim to extend the useful life and 
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to protect itself. The alloying elements in mild or carbon steel are increased and modified 
to a lesser extent so as to alter the evolution of rust during wet-dry cycle leading to 
development of a dense and well-adhering rust layer over several years of exposure 
(generally ≥ 5 years). Elements normally used as alloys are carbon (C), copper (Cu), 
chromium (Cr), nickel (Ni), phosphorous (P), silicon (Si) or manganese (Mn). They are 
added only at small concentrations from 3 to 5 wt. %, making them a more viable 
alternative to the expensive stainless steels. 
The significance of WS can be further realized in various ways. First, the layer 
itself act as a barrier against further ingress of aggressive ions, eliminating the need of 
surface coating and thereby reducing the overall life cycle cost of a structure. In addition, 
increasing the alloys improves the mechanical properties of steel (i.e. yield strength, 
ultimate strength and hardness), reducing the required cross-section for the same service 
load. Finally, the protective rust has a secondary effect of increasing the aesthetic value 
of a structure owing to its attractive rusty appearance. Thus, WS has been gaining 
popularity in recent decades as a promising structural material, particularly for bridges, 
to realize extended service life, improved structural performance with thinner member 
section that compensates the initial cost of acquiring rare metals. Fig. 1-3 illustrates the 
significant advantage of the material over conventional method in terms of life cycle cost 












Figure 1-3. Life-cycle cost of using weathering steel compared to conventional 
painting maintenance 8. 
 
 






- - Painted steel




















Case with inspection only
Case with partial repairs, etc.
Social
Value




1.3. Problem Statement and Research Significance 
Weathering steel was introduced to Japan during 1960s. The alloy composition from 
which it was derived are based from the combination of Fe, Cu, Cr, and P originally 
adopted by US Steel Corp. at the time. Among these alloys, Cu and Cr in particular 
played the most significant role. Early versions of WS put emphasis on these two 
components to significantly improve the corrosion resistance in atmosphere. Unlike 
USA, however, Japan is a relatively smaller country, which increases the influence of 
surrounding seawater. Near coastal plains where salt concentration in air is very high, 
the protective rust does not always develop as expected owing to thick corrosion products 
that forms with lamellar exfoliation. A new type of weathering steel was introduced in 
1997 by Nippon Steel Co. in response to the need of greater resistance against salt 
corrosion. The material was developed on the basis of increasing the weight percentage 
of Ni and elimination of Cr while maintaining the Cu content.   
While the Ni-type weathering steel has been extensively studied and used in relation 
to open exposure conditions and alternating wet-dry environment, there is still no 
published literature currently available that explicitly described its implications when 
used in cement-based material. Thus, the motivation that makes up this study is pointed 
out in the following research gaps: 
(1) Data on the durability performance of weathering steels under highly alkaline 
and low-oxygen environment is still lacking; 
(2) Information on the development of protective rust when confined in cement-
based material is still unknown. 
 
 A well-cured concrete has very low permeability, and a very high pH owing to the 
formation of Ca(OH)2 and other alkaline ions in the process of cement hydration. These 
conditions produce a very thin (< 10 nm) insoluble film of iron oxide that protects the 
embedded steel from dissolving. The passive film can be destroyed at a contact with 
aggressive ions, such as chlorides, which instigates corrosion. It is hypothesized that 
alloys included in WS may facilitate the growth of compact and well-adhering rust layer 
when the corrosion starts; thus providing necessary protection against further damage. 
 In order to provide evidence on the use of weathering steel as a more economical 
reinforcement of concrete, it is necessary to conduct a basic study on the behavior of the 




pointed above will advance the current knowledge with regards to the application of 
weathering steel, which can be used to develop new design principles for creating more 
durable and efficient materials in the future.  
 
1.4. Objective of the Study 
 An experimental program was designed to study the beahvior and rust formation 
of the newly developed WS with about 1.0 wt. % Ni, relative to the conventional WS 
containing 1.0 wt. % Cr and ordinary carbon steel. The specific objectives of this study 
are: 
(1) Provide baseline data with regards to corrosion progression of Ni-containing 
weathering steel in solution with varying amount of oxygen and pH to simulate the 
condition in concrete under chloride attack. 
(2) Provide information on short-term behavior of Ni-containing weathering steel in 
embedded in mortar with or without crack under chloride-containing environment. 
 
1.5. Limitation of the Study 
 The protective rust on the surface of bare weathering steels appears over the 
period that a structure is under service condition. This period covers the greater part of a 
structure’s entire service life, which realistically speaking, could take several decades.  
However, with limitation of time, the experiment was only conducted over several 
months. To account for this short time, chloride was used to accelerate the rusting process 
and obtain an appreciable damage within the period allowed by the study. This is the 
usual approach taken by many authors dealing with laboratory exposure test of 
weathering steel, such as those cited in references 9–13.  
 
1.6. Research Outline 
The chapters that constitute this study is summarized as follows. 
Chapter 1 outlines the background from which the present study was derived, 
the significance of conducting the research and corresponding objectives. 
Chapter 2 establishes the underlying principles and concepts of corrosion in 




steel (WS), it is necessary to understand the electrochemical nature of corrosion. Then, 
the development of the material and mechanism of its rusting, relevant to the 
understanding of their behavior in concrete, are reported according to a wealth of 
information available in literature. Finally, some early and recent studies around the 
world concerning low-alloy and weathering steels were also presented, giving emphasis 
to the insufficient researches made so far in cement-based materials. 
Chapter 3 reports the result of basic test involving 168 small pieces of steel bars 
exposed to simulated liquid over a period of 150 days. The liquid phase is composed of 
3.5% NaCl solution with and without NaOH to achieve alkaline and acidic pH. Oxygen 
content was changed by complete immersion, wet-dry cycle, and continuous aeration of 
liquid. Average penetration depth, evaluated from mass loss after exposure, was used as 
the main index of durability. Results indicate that corrosion depth increases as oxygen 
content increases or as pH decreases, consistent with the established electrochemical 
theory of corroding steel. The result further suggests that high-Cr WS has lower 
penetration when oxygen is abundant, but no remarkable change when oxygen is 
depleted. On the other hand, high-Ni WS showed slightly lower corrosion than other 
steels only when exposed to periodic drying and acidic electrolyte, conditions that are 
found primarily in atmospheric environment. Finally, high-Ni WS was found to have no 
clear influence in environment that remains continuously wet, is highly alkaline or has 
very low oxygen. The first item is explained by the fact that corrosion products grow 
rapidly and become loosely adhering with continuous wetting in chloride-containing 
water. Under high pH or depleted oxygen, corrosion rate is usually very low regardless 
of steel composition. Thus, the behavior of weathering steel become practically the same 
as that of ordinary steels. 
Chapter 4 discusses the result of the experimental program conducted on similar 
sets of metals embedded in mortars. A series of reinforced cylindrical mortars with or 
without cracks were made having w/c of 0.60.  They were exposed to wet-dry cycle under 
3.5% NaCl solution. Half-cell potential method was used as a non-destructive means to 
assess the progress of corrosion of embedded steels. Corroded area and average corrosion 
depth, based on mass loss, were also evaluated to determine the actual degree of damage 
for a total period of 120 days. While the data of corrosion potential (Ecorr) and rusted area 
indicate that steel type seems to have no remarkable influence, the trend of corrosion 




result does not seem to coincide with that of liquid phase, which is considered to be due 
to the difference in distribution of chloride ions present in each phase. It appears, 
therefore, that high-Ni type WS is relatively more susceptible to penetration when rust is 
still localized and only covers small areas. However, high-Ni type WS is known for its 
superior resistance owing to the appearance of a dense and uniform rust layer. The 
computed values of corrosion depths were merely less than 30 μm. Since rust that formed 
was still few and localized, the said amount is still significantly small relative to the 
values when rust is fully grown and uniform. Thus, the behavior of Ni-type WS bars in 
mortar may still be considered practically the same as those of conventional steels. 
Chapter 5 summarizes the result this study, as well as provides recommendations 
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2.1. Corrosion in reinforced concrete  
2.1.1. Basic concepts  
Corrosion is an electrochemical process defined as an exchange of electrons 
between two co-existing reactions, called the anodic (dissolution of metal) and cathodic 
(reduciton of oxygen to hydroxyl ions) reactions.  Depending on electrochemical 
potential and pH of pore liquid, iron atom can evolve into different products by giving 







The electrons released in the oxidation (Eqs. 2.1 to 2.4) will flow towards the cathode 





If these reactions would remain separated, there would be no corrosion. For 
corrosion to proceed, a close circuit between two sets of reactions must exist causing an 
electronic current to flow from anodic region towards the cathodic region, as shown in 
the simplified schematic diagram in Fig. 2-1(a). In reinforced concrete (RC), this 
connection is provided either by the steel surface, concrete itself, or external components, 
say stirrups. The metal is left as a positively charged ion in the anode attracting the 
negatively charged hydroxides from the cathode, creating an ionic current (Fig. 2-1(a)). 
The products will meet and precipitate into the most basic corrosion product, ferrous 
hydroxide Fe(OH)2. The swelling of this phase will occur as a result of progressive 
interaction between iron, dissolved oxygen (O2), and moisture (H2O) following a series 
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Figure 2-1. (a) Simplified schematic of corrosion process in embedded rebar; (b) Unit 
volume occupied by rust phases normally found in reinforced concrete (Figure adapted 
from Mehta & Monteiro 2). 
 
 
2.1.2. Chloride-induced corrosion  
Hydrated Portland cement concrete pore system has highly alkaline due to the 
presence of relatively insoluble hydrates of calcium , such as calcium silicate hydrate (C-
S-H), calcium hydroxide and calcium sulfo-aluminate hydrates. The presence of minor 
alkaline compounds such as NaOH and KOH brings the pH of the pore solution between 
12.5 and 13.5 2. At this range, the interaction of OH– in concrete and iron from embedded 
elements gives rise to a very thin iron-oxide film on the surface of ordinary steel materials 
with thickness typically less than 10 nm 3. The oxide layer is commonly referred in 
literature as the passive film which renders the steel passive against anodic dissolution 
during the first few years that an RC member is under service, and can render 
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protective upper layer rich in Fe3+-oxide and hydroxide, and protective bottom layer 
composed of Fe2+-oxyhydroxide 3. Formation of the passive film is believed to occur 
during the rise of pH in pore solution within the first day of hydration 5. Unfortunately, 
this ideal condition is not always achieved in real situations due to interplaying factors 
outside and inside of concrete, and corrosion remains the top cause of deterioration in 
RC structures. It is the destruction of this passive film that exposes the steel surface and 
sets the condition for damage. 
There is a consensus among researchers that chloride attack is the top cause of 
eventual destruction of the passive layer and therefore the corrosion in reinforcing steel 
6. Two theories are currently accepted explaining the mechanism by which chloride 
corrodes the steel in alkaline concrete. The first theory states that Cl– ion can compete 
with OH– ions in reacting with iron in the passive film leading to complete breakdown 
of the layer itself. Another theory suggest that Cl– penetrates through the porous layer of 
oxide film. In either scenarios, the interaction of iron with chloride gives rise to iron-
chloride complexes 
7,8, which then proceeds with formation of rust according to either of 





It can be inferred based from the above products that chlorides are not consumed 
in the process but are being reproduced. The reappearance of Cl– then comes with a dual 
consequence 6,8. First, acidity is enhanced by the reaction because hydrochloric acid 
( ) is produced, which accelerates the dissolution of metal into ions. Secondly, the 
point of breakdown will act as anode while the surrounding passive film will act as 
cathode. The anodic areas inside the pits where iron is left as Fe2+ can attract Cl–, being 
negatively charged, which intensifies the corrosion process and gives rise to the entry of 
more Cl¯, which further aggravates the corrosion intensity. This vicious process of 
recycling makes chloride attack a major concern in RC corrosion.  
 
2.1.3. Effect of corrosion in reinforced concrete 
In normal field conditions, the rate of moisture deposition inside the concrete 
during wetting process is found to be greater than the rate of moisture loss during drying 
10. Depending on the availability of moisture and oxygen near the steel-concrete 
interface, realistic rust phases normally found in RC members are composed of poorly 
13 
 
crystalline iron oxides and hydroxides as described in Fig. 2-1(b). Unlike that found in 
weathering steels, these type of rusts are much more expansive because of their greater 
tendency to absorb water. Based from the figure, individual phases can occupy a volume 
as much as 6 to 10 times that of the base metal. This expansion, then, displaces the 
surrounding concrete along the steel-concrete interface resulting in an outward radial 
tensile stress as high as 10 times the compressive strength of concrete 11. This volumetric 
increase is believed to be the primary cause of concrete cracking and spalling of RC 











Figure 2-2. (a) Cracking model of reinforced concrete assuming general corrosion 
(Figure adapted from Merino 12); (b) corroded reinforcement totally exposed after 
concrete cover underwent excessive spalling (www.msdpe.com); (c) a significant portion 




A layer of metal, called corrosion depth, will be lost as a result of transforming 
iron atoms to poorly crystalline iron hydroxides. The amorphous and expansive 
properties of rust crystals make the layer become loosely adhering which can then be 
removed by mechanical or chemical cleaning. In corrosion-related studies, the depth of 
penetration is quantified by converting the mass that was lost as a result of removing the 
corrosion products using the density relationship (Eq. 2.12) and then dividing the result 





where  = mass loss after exposure (g),  = metal density (g/cm3),  = area of 













distributed over the corroded area; but in reality, attack is almost always in the form of 
localized pits especially for chloride-induced corrosion (Sec. 2.1.2). For comparative 
studies, however, such approach is well accepted.  
Failure of RC structures due to corrosion is governed by two general theories: (1) 
the reduction of the original cross-section will lead to a decrease load-bearing capacity 
of the member, causing brittle failure; and (2) the volumetric expansion of oxide can lead 
to cracking of the surrounding concrete. Cracking will reduce the confinement of steel 
with the corresponding loss of bond, and in advanced stages, spalling of concrete cover, 
as in the cases shown in Figs. 2-2(b) and 2-2(c). Brittle failure is a major concern because 
structural collapse can happen without initial warning to the public using it. 
 
2.2. Electrochemical Aspects of Corrosion 
2.2.1. Corrosion Thermodynamics: Equilibrium potential 
 As discussed, corrosion is an electrochemical process that involves movement of 
electrons accompanied by chemical reactions. For an electrochemical reaction to 
proceed, there must be two simultaneously occurring reactions (i.e. half-cell) in which 
one is capable of producing electrons (anodic reaction) and another capable of consuming 
electrons (cathodic reaction). Consider Eq. 2.4 and Eq. 2.5 as two half-cell reactions. 
Their over-all reaction when connected is given by Eq. 2.8. Assuming that the two half-
cells are not connected but are allowed to proceed in two distinct surfaces. This can be 
done by placing an iron in a solution of ferrous ions on one side, and a platinum in a 
solution of hydrogen ions on the other side while being bubbled by hydrogen gas (Fig. 































 What is happening is that in each half-cell, in the absence of external circuit, ions 
are dissolving and reducing at the same rate according to the following equilibrium 
equations: 
 
↔  (2.14) 
↔  (2.15) 
 
The fact that there is an electron exchange means that there should be an available 
work between the surface and solution that allows each reaction to happen. This energy 
is defined by the potential difference established across the interface of individual 
electrodes. The potential, also known as the equilibrium or half-cell potential, is a 
measure of the ease of expelling or retaining an electron from a metal so that a particular 
reaction takes place 14,15. It is also called reversible potential because the electrode can 
act as anode and cathode at any given moment. In other words, without an electrical 
connection, the appearance and disappearance of ions in each electrode are occurring at 
the same rate and there is no net production or consumption of electrons, i.e. zero current. 
 Each metal and solution has a unique equilibrium half-cell potential. This 
difference in potential is determined ultimately by the type of metal and solution under 
study.  If, however, a conducting circuit (motor) is connected between the electrodes of 
the cell, the electrons will flow spontaneously from the iron electrode, where there will 
now be a net oxidation, → , through the conductor towards the platinum 
electrode where net reduction occurs, → . Because of net charge transfer 
occurring in individual interfaces, the electrodes are not under equilibrium condition 
anymore. The driving force of such movement is the difference in potential between the 
individual half-cell reactions. If each of the potential could be measured, then the cell 
potential for any combination of electrochemical reactions could be calculated. 
  Unfortunately, potential difference of a single metal/solution interface cannot be 
determined directly or individually. Instead, a set of specific metal and aqueous solution 
with stable interface potential difference are used to serve as the standard reference 
electrode against which the potential of other metal/solution is measured. This series of 
metal/aqueous environment is called standard half-cells. The most accepted reference 
electrode is the standard hydrogen electrode (SHE) described in Fig. 2-3. It consists of 
platinum in contact with solution containing hydrogen gas at 25oC, one atmospheric 
pressure and pH = 0 (1M acid solution) 14. The potentials that are obtained using SHE 
16 
 
are called the standard equilibrium half-cell potentials. Values for common reactions are 
given in Table 2-1.  
  
Table 2-1. Standard equilibrium half-cell potentials 
for several reactions 
Half-cell reactions Eo (mV vs. SHE.) 
H2O + 𝑒− ↔ ½ H2 + OH− − 820 
Zn ↔ Zn2+ + 2𝑒− − 763 
Cr ↔ Cr3+ + 3𝑒− − 730 
Fe ↔ Fe2+ + 2𝑒− − 440 
Ni  ↔ Ni2+ +  2𝑒− − 230 
H+ + 𝑒− ↔ ½ H2  0 
Cu ↔ Cu2+ + 2𝑒− + 342 
O2 + 2H2O + 4𝑒− ↔ 4OH− + 401 
O2 + 4H
+ + 4𝑒− ↔ 2H2O + 1,229 
 
 
  Other electrodes that can be used consist of metal in contact with solution 
saturated by its own ions, such as copper in saturated copper sulfate solution (CSE); silver 
in silver chloride (SSCE), etc. 
 Aside from the type of metal-solution used, the individual interface potential 
differences (  and ) in any half-cell reaction will be different depending on the 
concentration of solution or the pressure in the case of gases (i.e. activities); as well as 
temperature. The function is generalized by the Nernst equation: 
 (2.16) 
 
where , , and  are chemical species involved in the reaction;  = standard 
equilibrium half-cell potential;  = activities with no units (related to concentration 
in terms of mol/L in the case of ions, and the atmospheric pressure in the case of gases) 
of the species on the oxidized side or the side showing electrons produced, each raised 
to their coefficients ( );  = product of activities of species on the reduced side or the 
side of equation with no electrons, each raised to their coefficients;  = standard gas 
constant (8.314 J/oK); T = absolute temperature ( );   = number of moles of electrons 
produced or consumed per unit of the reaction.  
 Assuming that in the example, each solution is adjusted to 1 mol of ions per liter of 
17 
 
water or 1 atm pressure in case of  hydrogen gas, and a voltmeter with high resistance is 
installed to measure the potential difference; a value of – 440 mV is expected to observe. 
 
2.2.2. Corrosion Kinetics: Corrosion rate and Polarization curve 
(a) Anodic polarization curve 
The number of electrons or ions that are produced and consumed in each half-cell 
reactions per unit time is referred as corrosion current. It is usually normalized over the 
exposed surface area of metal, also known as the current density, and is a direct measure 
of how fast corrosion is occurring (reaction kinetics). Thus, the electrochemical behavior 
of the corroding system is most understood using this rate of reaction, and it is obtained 
















Figure 2-4. Simple potentiostatic circuit showing the direction of electron and external 
current during anodic and cathodic polarization process. 14 
 
 
The system is made up of working electrode which is the sample under study, the 
counter electrode that will support the oxidation or reduction reaction with reactants in 
the electrolyte but will not itself corrode to contaminate the electrolyte, the reference 
electrode against which the external applied potential of the working electrode is 
maintained, and finally the potentiostat that supplies an external direct current voltage 
between the reference and working electrode.  
When current due to corrosion passes from working electrode to counter 
electrode, the condition is not in equilibrium anymore. Therefore, the potential between 


















potential (– 440 mVSHE). That is, potentials shifts above – 440 mVSHE when the net 
reaction in an iron electrode is electron-producing, i.e. Fe → Fe2+ + 2𝑒−. On the other 
hand, potentials below the equilibrium is obtained resulting from reaction that involves 
electron-consuming (Fe ← Fe2+ + 2𝑒−). This is a condition with no corrosion occurring, 
and the steel is in a state of immunity. Polarization curve is obtained when the potential 
of metal is shift away from its equilibrium and the corresponding current density is 
measured (Fig. 2-5.). Steel in alkaline pore solution, as discussed, is initially covered by 
ultra-thin film of iron oxide or hydroxide that protects the steel from dissolution. The 
anodic polarization behavior of steel under this condition shows low current even at 
applied potentials in the range of – 550 to +850 mVSHE. In the absence of chloride, more 
positive than this range allows water oxidation to occur, a condition known as 
transpassivity (line a in Fig. 2-5). The presence of chloride and neutralization of 
environment alters the anodic polarization behavior of steel. Chloride and lowered pH 
destroy the passive film so that anodic current increases significantly even at lower 
applied potential. The critical potential, also known as the break-down potential, drops 
as the chloride content increases (line b to d of Fig. 2-5). Finally, steel will permit 
significant current over a wide range of potential when the surrounding environment is 














Figure 2-5. Schematic anodic polarization curves of iron. 6 
 
 
(b) Cathodic polarization curve 
The rate of cathodic process in a corroding steel is defined by the cathodic 
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lower than + 401 mVSHE (i.e. O2 + 2H2O + 4𝑒− → 4OH−). This potential is controlled by 
the availability of oxygen at the surface of steel and the rate at which oxygen reaches the 
steel. Saturation of pores by water will prevent gaseous phase, such as oxygen, to diffuse 
through the concrete cover, due to the fact that gases are not easily dissolved in water. It 
follows that changing the moisture content (e.g. by wetting) of concrete will cause 
equilibrium potential of oxygen reduction to drop at lower values from aerated to wet 
condition due to decrease in oxygen content according to Nernst equation (line a to line 
b of Figs. 2-6). At potential further below, cathodic process is reinforced by hydrogen 
evolution so the cathodic current increases. If the concrete is completely saturated, 
hydrogen evolution is the only possible process, giving rise to cathodic polarization curve 














Figure 2-6. Schematic cathodic polarization curve of oxygen. 6 
 
 
2.2.3. Mechanism of half-cell potential measurement in concrete 
If a solution with stable equilibrium potential is placed on concrete surface which 
is connected to an electrometer and an embedded rebar, as depicted in Fig. 2-7(a), then a 
full electrochemical cell is produced similar to that shown in Fig. 2-3. The electrode is 
so chosen so that it always acts as cathode. An electronic current would flow from the 
anodic steel towards the electrode through the concrete pore. Thus, a single potential 
difference between any point of concrete and the reference electrode can be established. 
Such devices are called reference electrode. When it is moved across the concrete 
surface, the whole cell will be subjected to different environmental conditions of steel in 
the pore water of concrete below the moving electrode. The condition of corrosion is 
































modeled by superimposing the anodic polarization curve from dissolution of iron, and 
the cathodic polarization curve by the reduction of oxygen, as shown in Figs. 2-7(b) and 
2-7(c). The individual polarization curves intersects at a point where the anodic and 
cathodic reaction rates have the same value. The x-intercept of this intersection 
corresponds to the corrosion current density (icorr) of the steel. The potential at this 
density determines the half-cell potential or corrosion potential (Ecorr). It is the value of 
Ecorr that is being measured by the assembly in Fig. 2-7(a). 
Corrosion current density ( ) in A/cm2 can be related to depth of penetration 
through the Faraday’s law (Eq. 2.17): 
 
 
where,  = corrosion depth (cm);  = time of exposure (sec),  = Faraday’s constant (96, 
490 C/mol of electrons),  = density of corroding metal (g/cm3),  = number of moles of 
electron detached for every mole of metal being oxidized,  = molar mass of metal 
(g/mol). If the current density plotted with time is not constant, the parameter is 
integrated over the total time of exposure to obtain the corrosion depth as shown. 
 The passive film initially present in sound concrete will inhibit the metal from 
dissolving, so that electron current is low (Fig. 2-7a). This condition corresponds to an 
anodic line intersecting the cathodic line at high Ecorr and low icorr, i.e. point 1 of Fig. 2-
7(b). If, however, the film is destroyed due to chloride ingress or carbonation, iron is 
exposed to dissolution and the anodic curve will change to higher currents approaching 
the shape of lines b to e in Fig. 2-5. Its intersection with the same cathodic line will 
produce higher icorr, but a much more negative Ecorr, i.e. point 2 of Fig. 2-7(b). Such shift 
of potential to more negative values as a result of increase in electronic current, due to 
break-down of the passive film, is the principal basis of half-cell potential mapping 
technique standardized by ASTM C 876 16. The standard relates the state or probability 
of corrosion to the potential as shown in Table 2-2. A rebar that assumes more negative 
potential values suggests that the passive layer is failing, and the process of steel 































Figure 2-7. (a) Schematic of a half-cell potential measurement reinforced concrete. 
Anodic and cathodic polarization curves showing the values of Ecorr and icorr for (b) 
passive and (c) actively corroding steel (Figures adapted from Poursaee & Hansson 15).  
 
 
  According to the standard, potentials more negative than -350 mV vs. CSE is 
generally encountered to be corroding actively based on numerous field surveys 
conducted on corroding cast-in-place bridge decks in United States 17. Although some 
authors reported a defined relationship between potential and corrosion rate 18, the 
potential does not provide information on the kinetics of the process or how fast the 
reaction is occurring (rate) which is related to the corrosion current density. It does, 
however, gives information on the thermodynamic aspect of the electrochemical cell in 
that it suggests whether or not the anodic reaction or corrosion is likely taking place.  
 






Table 2-2. Risk of corrosion against Ecorr   
(ASTM C-876) 
Ecorr vs. CSE 
Corrosion 
probability 
< -350 mV 90% 
-350 mV ≤ Ecorr ≤ -200 mV Uncertain 
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 It is also possible that the process is controlled by the change of oxygen reduction. 
When the access of rebar to oxygen increases by cracking the concrete cover or when the 
passive area increases, equilibrium potential (potential in cathode at zero current) 
increases and the cathodic curve moves toward higher current densities. The new 
intersection results to a higher current but at a more positive corrosion potential, i.e. point 
3 in Fig. 2-8(a). This situation is not addressed in ASTM C-876. In addition, if the 
cathodic current shifts to lower current densities when concentration of oxygen decreases 
or the passive areas are reduced, icorr decreases and the intersection, i.e. point 4 in Fig. 2-
8(b), occurs at lower Ecorr which again does not obey ASTM C-876. It is for this reason 
that Ecorr and icorr does not have direct correspondence, and only the risk or probability of 
corrosion can be elucidated from the potential data as presented in Table 2-2. The effect 
of oxygen and crack in concrete must be, therefore, taken into account when evaluating 
the corrosion behavior of reinforced concrete using half-cell potential. Despite these 
shortcomings, the potential method is still most widely used as non-destructive means to 










Figure 2-8. Anodic and cathodic polarization curves of actively corroding steel in (a) 
cracked concrete and (b) in concrete with limited access to oxygen (Figures adapted 
from Poursaee & Hansson 15). 
 
` 
 Furthermore, corrosion current density is the result of dividing the current by 
corroding surface. This assumes that the corrosion occurs uniformly over the exposed 
surface (S) just like in gravimetric analysis. According to Zou and co-workers 19, 
polarization measurement (Eq. 2.15) is usually accompanied by other electrochemical 
reactions leading to anomalous increase of corrosion rate specially during the latter stage 




































the latter method is preferentially employed when dealing with simple, comparative 
studies, and long-term behavior of corrosion in reinforcements. 
 
2.2.4. Factors affecting the corrosion potential 
 There are three major factors that are known to influence the potential reading at 
concrete surface and the possibility of detecting small corrosion attack:  moisture content 
(humidity), concrete resistivity, and depth of cover 20.  
 
(a) Moisture content 
The influence of moisture on half-cell potential is illustrated in Fig. 2-9. The 
concentration of oxygen near at steel surface is restricted by its solubility in water. With 
increasing moisture content, the equilibrium potential of oxygen reduction will drop, 
shifting the whole potential field to more negative values, while it moves to higher values 
when the portion undergoes water loss during drying. This mechanism is perfectly 
illustrated in Fig. 2-9(a) based from the study of Leelalerkiet et al.21 derived from 













Figure 2-9. Potential behavior of RC slab in wetting and drying condition. 21 
 
 
 (b) Concrete resistivity 
Because corrosion is a flow of electric current in the form of charged ions, the 
resistivity of concrete will have an important influence on the amount of such current 
through its water-filled pores. Therefore, any modification to concrete that will improve 
its pore volume (porosity) and connectivity (decreasing tortuosity) will decrease the 
resistivity 6,17. Reducing the degree of saturation of the pores will also decrease the 
resistivity because transport of ion happens only when dissolved in pore water 6. Low 






















































resistivity values are also measured in areas with higher chloride concentration, due to 
the fact that chloride are transported more easily into concrete with more open and 
connected pore structure 22. Under the said conditions, the rebars are depassivated and 
thus, active potentials usually coincide with lower resistivity. Sadowski 23 related the 
half-cell potential with resistivity measured from chloride-induced corrosion, and 
reported an appreciable increase of potential with increasing electrolyte resistivity (Fig. 
2-10). The change of potentials to higher values are more pronounced in portions with 














Figure 2-10. Relationship between potential and resistivity in corroded reinforced 
concrete slab after 90 days of 2-hour NaCl spraying followed by 20-hour drying. 23 
 
 
(c) Cover depth 
The potential measured over the active and passive areas becomes practically 
similar as cover thickness increases (Fig. 2-11). This is again due to the fact that concrete 
offers longer, tortuous path for charged ions to move so that the potential disturbance 
vanishes with increasing distance from the rebar surface. Therefore, only a shorter 
distance is polarized by the active area as cover thickness increases. The implication of 
this observation is that, potential measured over a small surface area may be considered 
a representative of a corroding spot using a thinner concrete cover, which can help clarify 



























































Figure 2-11. Potential profile measured along a rebar model with mild steel as the 
central anode and 12 segmented stainless steels as cathodes. Cover depth is changed 
by placing the electrode in distilled water at different heights from the rebar surface. 20 
 
 
2.3. Rebar passivation by concrete 
Concrete has two fundamental properties that are responsible for extending the 
time during which transporting substances do not cause appreciable loss of metal and 
expansion of rust products, namely, alkalinity, and low penetrability, as explained below. 
 
2.3.1. Alkalinity 
The anodic reaction in a corroding metal does not only take a single form. If for 
example, a metal is put in water under controlled pH containing its own ions with varying 
concentration, then a series of anodic reactions exists from which the possible products 
of dissolution can be derived. Determining such equilibrium equations has been 
demonstrated experimentally 24,25. By constructing the Nernst equation of the said 
reactions, regions for which an element can exist as ions, solid oxides or hydroxides – as 
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potential. These diagrams are collectively called Pourbaix Diagram. Examples of such 













Figure 2-12. Pourbaix diagrams of Fe (a) and Ni (b) showing possible products of 
dissolution based on pH and electrochemical potential. The diagrams illustrate the 
requirement of immunity where metal is stable (white areas); passivation where 
corrosion is limited (blue and orange); and where active corrosion occurs (grey).  
 
 
It is observed from above figures that in pore water of high pH (> 11.5), anodic 
reaction of metals favors solid products. In iron, the indicated phases (Fe3O4 or Fe2O3) 
reinforce the passive film, or by themselves act as a passivating film 26. Published data 27 
presented in Fig. 2-13(a) have shown that pH at this range linearly slows down the 
corrosion attack on steel. In contrast, over a broad range of potential well below 
neutrality, the only possible products for both Fe and Ni are dissolved ions which can 
separate from the bulk metal and precipitate into corrosion products. As a result, 
corrosion proceeds at an overwhelming rate even in the presence of small oxygen 
concentration (Fig. 2-13(a)). This mechanisms outlines why concrete alkalinity plays a 
significant role in inhibiting the dissolution of metals in reinforced concrete, thus 
reducing the loss of metal mass due to corrosion accordingly.  
 
2.3.2. Resistance to fluid intrusion 
The durability of concrete is largely attributed to its resistance to penetrating 
fluids, both liquids and gas, through its mass. Concrete impermeability comes from the 
process of hydration products displacing the space previously occupied by water through 
cement hydration. According to the cathodic reaction in Eq. 2.6, oxygen together with 














































Ni Fe  
27 
 
electrochemical dissolution of steel in concrete appear to be influenced mainly by the 
balance of moisture state (relative humidity) and pore structure of bulk material 28. 
Regardless of moisture, corrosion rate is known to increase over the range of porosities 
normally found in cement-based mortar on the basis of the study by Stefanoni et al.28, 
although the relationship is not straight-forward. Fig. 2-13(b) illustrates the behavior of 
two parameters according to the study at 95% RH. Corrosion rate either by chloride or 













Figure 2-13. (a) Corrosion of steel in water containing 5 ppm of dissolved O2, as a 
function of water pH at two different temperature 27; (b) Influence of porosity normally 
encountered in cement-based mortar to corrosion of embedded steel at 95% RH 28. 
 
 
Fig. 2-13(b) suggests that corrosion rate less than 0.1 μA/cm2 – a value considered 
to be negligible in practice – was produced at porosity of about 20%. Interestingly, this 
pore structure was achieved by a mortar made up of Portland cement with water-cement 
ratio of not more than 0.6 28. This result indicates that the pore structure of the mortar 
provides an effective barrier function even without modifying its constituents, depleting 
the oxygen content near the embedded steel and reducing the corrosion rate overall. 
The relevance of alkalinity and impermeability of concrete cannot be 
overemphasized in the study of reinforcement corrosion. The present research, thus, 
focuses on studying the influence of relative absence of oxygen and alkalinity on the 
progress of corrosion in weathering steel, which has been developed on the basis of 
enhancing the corrosion resistance of steel structures in exposed state. Based from basic 
characteristics of mortar, it was hypothesized that confinement will render the weathering 
steel material more passive, promote much lower corrosion rate, and enhance the 




















































2.4. Passive Film and Protective Rust 
The dense rust that forms in low-alloy or weathering steels is different from the 
passive oxide film that exists during early age of reinforced concrete. The first obvious 
difference is the fact that the protective rust forms much later after the steel underwent 
sufficient depassivation, usually after several years of exposure; whereas, the passive 
film starts to form as soon as the steel comes in contact with alkaline concrete and grows 
just within the time that the RC member is under quality condition. Secondly, the 
protective layer is stable in acidic exposure based from its application in sulfur- and 
chloride-contaning environment 29; while the passive film fails immediately in contact 
with corrosive ions. Lastly, the protective rust is a visible, uniform layer that can grow 
up to about a millimeter thick, whereas the oxide film is known to develop only up to 
few nanometer in size (i.e. 6 orders of magnitude thinner). A particular point to take note 
is that this study deals with the former type of layer, and therefore it is understood that 
the steel have to be sufficiently depassivated to attain such condition. 
Macroscopic voids at concrete side of SCI (Fig. 2-14) ─ which includes entrapped 
and entrained air, bleed water zones, slip induced by differential movement, separation 
due to cracks and crevices, as well as honeycombs ─ has been estimated to have a 
dimension in the range of μm to cm perpendicular to the surface of steel, while stretching 
at distances of up to several centimeters along the steel surface 30. Such space is thought 
to accommodate the formation of protective rust layer in weathering steel under suitable 
















Figure 2-14.  Physical components of steel-concrete interface (SCI). 30 
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2.5. Weathering steel 
Weathering steel (WS) is a collective term for an array of low-alloy steels that 
has low carbon content of  less than 0.2 wt. %, and small additions of one or several 
elements other than iron (Cu, Cr, Ni, P, Si, etc.), totaling to an added element between 3 
to 5 wt. % 31. WS exhibits resistance against corrosion due to appearance of a dense oxide 
layer (also known as patina) that develops when exposed to open environment. The 
appearance of such layer has a benefit of ensuring longer structural life-span, lower 
maintenance cost and reduced labor requirement.  In a long history weathering steel, its 
use has been limited only to its bare form, probably because rust that forms inside a solid 
concrete is rather difficult to observe. Its introduction to humid and coastal countries, 
particularly Japan, received mixed reactions due to then-unknown rust when exposed to 
aggressive atmospheres. Thus, the proceeding sections review the origin, and scientific 
development of WS, leading to creation of modern design principles of corrosion 
prevention using high-Ni WS, in light of the information available from previous studies. 
 
2.5.1. Historical development 
Albrecht & Hall32 outlined the development of weathering steels in their review, 
from which the following selected events are highlighted. The summary of this timeline 


















Figure 2-15. Notable events on the development of weathering steels and eventual 












exposure test of 
Cu steels 
carried out by D. 








31,000 tons of 
steel structures 
has been built 




for salinity > 
0.05 mg/dm2/day.
Major studies conducted 
by ASTM and USS Corp. 
clarified the role of other 
elements (P, Si, Cr, Ni etc.) 
in atmospheric corrosion 
resistance of HSLA.
Research of new 
alloy design: 














 (a) Early years: Copper steels 
The development of modern steel products was a consequence of incorporating 
elements, other than the carbon (C), to improve the corrosion-resistance and mechanical 
properties of iron. Weathering steel started from the earliest observations of the benefit 
of using iron ores with small amount of copper (Cu). The first known person to do such 
practice is attributed to an English civil engineer Robert Vazie in 1822, who was given a 
patent for combining one-part brass (combination of zinc and copper) and 100-part cast 
iron to enhance resistance against acidic waters in mines. Cu was the very first alloy to 
be used for this very purpose; and the first to provide a systematic evidence was F. H. 
Williams of Pennsylvania, USA in 1900 by cyclically wetting steel samples with 0.08 to 
0.2% Cu in outdoor environment for one month. In 1910, D. M. Buck 33, a chemist of the 
US Steel Corporation, conducted the first large-scale atmospheric exposure test of Cu-
steels ranging from 0 to 0.34% content. His experiment showed that Cu lower than 0.06% 
gave large increase in corrosion resistance than carbon steels. Beyond the said amount, 
the rate of increase in corrosion resistance reduces, with little to no further improvement 
at 0.15 and 0.34% Cu content. Major studies by ASTM Committee that ensued confirmed 
these findings. A maximum Cu of 0.02% was later used by standard specifications to 
define carbon steels. By 1911, US Steel Corp. began marketing Cu steels. 
  
(b) 1920s – 1930s: High-strength low-alloy steels 
It was during 1920-1930s that yield strength and other mechanical properties 
were discovered to improve in addition to enhanced corrosion resistance by alloy-
additions, thanks to pioneering works of Byramij Saklatwalla and Jerome Stauss. Both 
inventors independently began experimenting in carbon steels added with several 
elements other than Cu to enhance atmospheric corrosion resistance and increase the 
material yield strength. Thus, these steels was eventually termed high-strength low-alloy 
steels (HSLA) at the time. USS Co. acquired the patents of both two inventors to 
assemble their own product line. In 1933, USS Corp. formally introduced in the market 
the first HSLA steels, branded as USS COR-TEN, an acronym derived from the property 
of “corrosion resistance” and higher “tensile strength”. Two specifications were made 
available with difference only in phosphorous content. COR-TEN A has higher 
phosphorous for better corrosion resistance than COR-TEN B but, for the same reason, 
has better weldability. Early version were based mostly on Fe-C-Cu-Cr-P system with 
Mn and Si intended only for strength enhancement. Other competing manufacturers 
31 
 
followed suit in developing their own brand of HSLA. R. B. Madison of Bethlehem Steel 
Corp. in Pennsylvania, a separate manufacturer, was considered to coin the term 
weathering steel in 1966 to refer to its brands that exhibit resistance to atmospheric 
corrosion. Later on, the term “weathering steel” has been recognized universally among 
steel industries and general public pertaining to high-strength low-alloy steels with 
superior corrosion resistance. 
 
(c) 1930s – 1960s: ASTM and USS Corp. 
Although weathering-type HSLA steels have been circulating in the market since 
1930s, there was still no comprehensive understanding with regards to the influence of 
alloying elements on corrosion resistance. Three major experimental programs during 
the period between 1930 and 1960 were done independently by ASTM Committee A-5 
and US Steel Corp. They tested the influence of different environmental conditions 
(semi-rural, industrial, moderate marine, and marine) on the mass loss of different steel 
samples with various combinations of alloying elements (C, Mn, P, S, Si, Ni, Cr, Cu, Al, 
As, Co, Mo, Sn, W, V). Results from these tests laid down the foundation of modern 
knowledge about the role played by the alloys, as well as the influence of environment 
in atmospheric behavior of WS. 
In 1941, ASTM created the first standard specification covering COR-TEN A 
and COR-TEN B under the designation ASTM A-242 (High-Strength Low-Alloy 
Structural Steels)34. Later in 1968, COR-TEN B was separately given its own 
specification in ASTM A-588 (High-Strength Low-alloy Structural Steel with 345 MPa 
Table 2-3. Chemical compositions of weathering steels. 
Steel Type C Si Mn P S Cu Ni Cr 




0.10 0.50-1.00 0.10-0.30 0.10-0.20 − 0.30-0.50 − 0.50-1.50 




≤ 0.15 − ≤ 1.00 ≤ 0.15 ≤ 0.05 ≥ 0.20 * * 




≤ 0.19 0.30-0.65 0.80-1.25 ≤ 0.04 ≤ 0.05 0.25–0.40 ≤ 0.40 0.40-0.65 




≤ 0.18 0.15-0.65 1.40 ≤ 0.035 ≤ 0.035 0.30-0.50 0.05-0.30 0.45-0.75 
JIS G3114 (SMA 490W) 
1% Ni WS 
36
 
≤ 0.18 ≤ 0.55 ≤ 1.60 ≤ 0.035 ≤ 0.035 0.50-1.00 0.70-1.70 ≤ 0.08 
JIS G 3114 (SMA490W) 
3% Ni WS 36 
≤ 0.18 0.15-0.65 ≤ 1.40 ≤ 0.035 ≤ 0.035 0.30-0.50 2.50-3.50 ≤ 0.08 
JIS G 3505 SWRM8 
Low Carbon steel 
37
 
≤ 0.10 −  ≤ 0.60 ≤ 0.040 ≤ 0.040 − − − 
* No specified limit provided 
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Minimum Yield Point and Atmospheric Corrosion Resistance)35. Table 2-3 enumerates 
the composition of weathering steels when it was created, and succeeding versions 
developed. 
 
(d) 1960s – present: Introduction and growth in Japan 
Conventional WS with higher Cr (ASTM A-242), commercialized by US Steel 
Corp. in 1930s, was introduced in Japan during the 1960s. It was standardized in 1968 
under the designation JIS G 3114 (Hot-rolled atmospheric corrosion resisting Steels for 
welded structures)38 as shown in Table 2-3. The possibility of reducing chloride 
penetration to a greater extent has been put forward from 1970 to 1980 due to more 
pronounce effect of surrounding seawater in the country. Kihira et al.39 in 1980s clarified 
for the first time the role of phosphorous at the microstructural level to form the double-
layer rust in phosphorous-containing WS (ASTM A-588). A separate group of 
researchers in Nippon Steel Corp. carried out a decade-long laboratory and field 
experiments from late 1980s to 1990s that sought to create a new design principle for 
weathering steel having superior corrosion resistance and economic viability 40–42. This 
collected effort was able to reveal the contrasting role of Ni and Cr on the corrosion 
behavior of alloyed steel under salt-rich environment. The conventional, Cr-containing 
ASTM A-242 and JIS SMA, then, evolved into a new type of weathering steel, which 
contains the standard composition of alloys but with higher Ni content and almost no Cr, 
for the purpose of applying it in coastal atmosphere without the need of painting. The 
newly developed material was first commercialized in 1997 by Nippon Steel Corp. and, 
in the following year, was applied for the first time to the girders and piers of Huriku 
Shinkansen Highway Bridge in Niigata Prefecture. At the end of 2016, a cumulative 
weight of about 30,000 tons of WS (including the conventional WS) have been applied 











2.5.2. Corrosion mechanism of conventional WS at nanoscopic level 
 Fig. 2-16 outlines the rust transformation on steel surface at micro- to nanoscopic 
level, according to Kimura et al.43. The entire process repeated over several years by the 
action of wetting and drying can be divided into three general stages: 
(1) Nucleation: During the first wetting period, iron or other metallic elements in steel 
are oxidized to cations. In acidic solution, cation reacts with water to form 
[Fe(H2O)6]
2+ units. This unit is composed of iron as a central metal, surrounded by 
six water molecules in the form of octahedron. In neutral solution, metal cations can 
react with OH−, O2 and H2O forming an octahedron of iron surrounded by hydroxide 
and water molecules [Fe(OH)X(H2O)6-X]
(3-X)+. These units, also abbreviated as 
M(O,OH)6 where M can be any central metal, is the smallest unit of the rust structure 
and act as the nucleus for subsequent condensation of more  M(O,OH)6 units.  
(2) Growth: Multiple and separate Fe(O,OH)6 nuclei combine by linking with each other 
after further exposure to water and oxygen. The lattice grows into fine grain up to 1 
nm in size forming different phases of hydroxides, oxyhydroxides or oxides. The 
concentration of cations, acidity, temperature, and anions involved in the system all 
have major influence on the resulting rust phase. 
(3) Aging: The fine particles undergo coagulation with other fine particles or adhesion 
on surface through repetitive nucleation and growth through long period of repetitive 
wetting and drying processes. The system accumulate into layer of several 
nanometers to 100 μm in size until reaching stable system.  
 
Voids between rust particles can exist in the form of disordered linkages between 
Fe(O,OH)6 caused by defects or different sizes of M(O,OH)6 units made of other 
elements. Because of these interfaces, modification of each particles may occur through 





























Figure 2-16. Simplified schematic of corrosion process showing reactions at atomic scale (nucleation and growth stage) during the initial 
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2.5.3. General properties of rust layer 
 Corrosion is a function of time, environmental condition (e.g. rural area, urban, 
industrial, or marine), amount of airborne salt, as well as the alloy added to steel. As a 
result of interplay between these parameters, rust layer undergoes various changes that 
alter its properties from physical aspects such as texture and color, to properties that are 
more connected to its protective ability such as thickness and porosity. This section 
discusses various changes related to morphological appearance of rust layer in 
weathering steel in relation to their resulting protective ability. 
 
(a) Color 
Rust layer tend to present darker color with higher corrosivity – defined as the 
corrosion loss sustained by weathering steel when exposed to environment under 
investigation for 1 year 29. Coloration of rust changes from brownish orange or red for 
C2 category (i.e. first year corrosion loss of 130 to 250 μm), to brown-purple for the 
highest category C5 (i.e. first year corrosion loss > 800 μm) 29. Rust color also becomes 
considerably darker as salinity increases. On the contrary, darker tone could also be 
observed in the rust of steels added with alloys, and after the metal undergo long-term 
exposure (Fig. 2-17), which is an indication of improvement on protective ability of rust 















Figure 2-17. Change in coloration of Hokkaido Centennial Memorial Tower after almost 




















Texture is closely related to the size, distribution, and homogeneity of rust grains. 
Based from this hypothesis, a set of appearance indices has been developed by Hara et 
al.45 to provide quick but reliable means of inspecting the durability status of weathering 
steel bridges.  Fig. 2-18 shows the photographs of the indices established by the study. 
According to the figure, rust layer with lower corrosion rate is associated with smoother 
surface texture, finer grain size, homogenous appearance, and presence of intact (tightly 
adhering) corrosion layer, which are all properties necessary to retard migration of 
corrosive substances. The authors also proposed a direct relationship between the average 
corrosion rate (thickness loss) and the overall appearance and texture of rust layer, 
providing a means to quickly estimate the corrosion rate in old weathering steel bridges. 
 
 
Appearance Description of characteristics 
 
Rust size: fine 
Thin rust 
Color: light brown 
Thickness: < 200 μm 
 
 Rust size: fine 
Adherent and uniform rust 
Color: dark brown 
Thickness: <400 μm 
 
Rust size: 1 – 5 mm 
Not uniform rust 
Thickness: < 400 μm 
 
Rust size: approximately 5 – 25 mm 
Partial swelling and flaky layer 
Thickness: > 400 μm 
 
Large swelling and laminated flaky layer 
Thickness: > 800 μm 
Figure 2-18. Standard appearance indices of rust on conventional 




Fig. 2-19 presents typical change of thickness loss with time in different low-
alloy steels and atmospheric environment. From the figure, corrosion rate is considerably 
high during the first few years when rust is just forming, followed by a decrease after 
longer exposure time as the oxygen diffusion is continuously hindered by the growing 
rust layer. When the rate of decrease becomes negligible through time, usually after 
achieving an increase of 10% or less, the rust layer is said to achieve steady-state 
condition 46. Rural atmosphere is typically characterized by low thickness loss and 
shorter stabilization time, at about 6 to 8 years. These parameters drastically increase 
moving to more aggressive environment. It is suggested that stabilization may sometimes 
not occur in marine atmosphere 46. In environment with high annual content of chloride 
and sulfur oxide, conventional WS may provide as much as 30% reduction in thickness 
loss, and further decrease by advanced alloy design (Fig. 2-20(a)). In addition, rust layer 
normally exhibit undulating thickness profile with some points deeper than the other. In 
alloyed steels, small surface area is corroded leading to higher number of localized pits 
to occur. Occurrence of these pits, however, does not imply inferior resistance. In the 
absence of alloy, carbon steels are damaged at wider surface area, resulting to relatively 
uniform corrosion depth. Thus, CS present more even thickness profile than WS only 



































































Figure 2-20. (a) Thickness loss of different alloyed steels in an atmosphere of high 
chloride and sulfur oxide 47; (b) cross-section of different steels after 72h wet-dry cycle 




 Solid portions of the rust has a direct role in suppressing the corrosion process by 
interfering with diffusing ions through the layer. Porosity is developed due to existence 
of cracks or defects in the layer, and voids between rust particles. Specific surface area 
(SSA) is often used as a measure of void fraction in a porous material, defined as the 
total surface area per unit mass of a solid. This index is obtained by forcing the molecules 
of a reference substance (such as N2 or H2O) into the internal structure of a porous 
material under study, while measuring the amount of molecules adsorbed. By fitting the 
applied pressure with the volume of adsorbed substance using pre-existing models, SSA 
can be estimated. Ishikawa et al.49 related the surface area with corrosion rate to explain 
the protective property of WS after cyclic exposure test (Fig. 2-21). They found that SA 
values fit in a single line regardless of cycle duration and steel type. This means that rust 
is affected not by steel composition but only by the corrosion extent. SA values also 
decreases with an increase of corrosion, and then stabilize after a certain value. That is, 
there exists a minimum SSA (or maximum pore size) where rust becomes sufficiently 
protective. SSA below this critical amount leads to a pore structure that is completely 
open for oxygen to access during drying, and filled by water during wetting, which 






































 Carbon steel (0.1C-0.2Si)
▲Carbon steel+ 0.1Ni-0.6Cr-0.4Cu
Carbon steel + 1Ni
■ Carbon steel + 3Ni


















Figure 2-21. SA of rusts formed on different steel of N1, N2, SMA and SM by CCT for 
60 and 120 days. 49  
 
 
2.5.4. Conventional Weathering Steel under mild environment  
Most of theoretical knowledge about weathering steels are based primarily on 
empirical observations made from conventional WS (ASTM A-242). As soon as the 
material is exposed in an electrolyte, iron is known to dissolve into ions, and react with 
O2 and H2O in air to form multiple Fe(O,OH)6 units. These units accumulate to form 
different rust phases that differ only in stacking sequences of Fe(O,OH)6 units. Currently, 
it is generally agreed that the principal constituents of rust layer in both weathering (WS) 
and normal carbon steels (CS) are α-FeOOH (goethite), β-FeOOH (akaganeite), and γ-
FeOOH (leidocrocite) and little presence of oxides such as Fe3O4 (magnetite). β-FeOOH 
is found in rust that has been exposed to environment that contains a certain amount of 
chloride; while γ-FeOOH and Fe3O4 are electrically conductive, and can act as cathodic 
sites to accelerate the corrosion process. α-FeOOH, on the other hand, is the most stable 
compound which forms at very low corrosion rate 50,51; therefore, its presence is 
associated with the longer exposure and formation of protective rust 51. Although rust 
layers of WS and CS are made up of the same phases, they differ in terms of concentration 
and physical aggregation due to coexistence of other elements, such as Cr or Cu.  
In weathering steel, a network of slightly crystalline Fe(OH)2 phase is formed 
during the first several wet-dry cycle 52. For a period of weeks to about half a year, part 
of Fe(O,OH)6 units in Fe(OH)2 changes to that of γ-FeOOH having disordered 
arrangement 53. It changes into an amorphous rust phase known as ferric oxyhydroxide 































Cyclic corrosion test (1 cycle/day):
 5% NaCl spraying at 30oC for 30 min.
 Drying at 50% RH, 50oC for 6 hrs.;
 Then at 98%RH and 30oC for 1 hr.










several years, and finally into a stable and ultra-fine α-FeOOH with little disorder after 
some decades 54. Asami et al.55 attributed the final and stable rust  phase to that of 
magnetite (Fe3-xO4), but the general consensus among researchers suggests that α-
FeOOH is the major component of the protective rust due to its insulating property and 
resistance to chemical reduction  51,56.  
To explain the active role played by Cr in enhancing the resistance of 
conventional WS, Kimura et al.50,57,58 conducted a series of nano-scale structural analysis 
of the rust and found that Cr and Cu in WS cause Cr(O,OH)6 and CuOx  units to form in 
addition to the Fe(O,OH)6 during the initial stage of corrosion. Cr(O,OH)6 modifies the 
evolution of Fe(O,OH)6 network in various ways. First, they increase the number of 
starting point (nucleation sites) from which additional Fe(O,OH)6 network develops. As 
a result, nucleation proceeds rapidly at heterogeneous points so that fine particles become 
tightly surrounded by neighboring particles from a previously formed nucleation sites. 
This creates a system of densely packed grains with fewer voids. Secondly, Fe(O,OH)6 
network structure containing Cr presents irregular sequence. Conflicting reports are 
available in literature that explain the mechanism behind such irregularity. According to 
Zhao et al.59, Cr3+ substitutes some positions of Fe3+ in α-FeOOH forming α-(Fe1-
x,Crx)OOH units. The structure is deformed because of the difference in ionic radius 
between Cr3+ and Fe3+. Kimura et al. in separate reports50,57 suggested that such is not the 
case. Instead, Cr3+ which causes the deformed network is uniformly spread across the 
network and actually do not occupy the vacant sites normally occupied by Fe3+ in the 
Fe(O,OH)6 units. Yamashita et al.
60 complemented the findings of Kimura, but further 
noted that it was due to Cr3+ coordinating with two or more  to form Cr  anions 
that distorts the Fe(O,OH)6 network. The same anions also gives the structure negative 
charge that helps repel the approaching chloride ions. Whatever the mechanism involved, 
the resulting network of rust units makes it difficult for the grains to grow, thus restricting 
the rust particles to only few nanometer in size, some reported to be less than 8nm 61. 
The above ways in which Cr interacts with rust explains why considerable 
amount of the element is detected near the rebar surface by many characterization studies 
57–59,62. Transformation of γ-FeOOH to α-FeOOH, via the amorphous rust, tend to start 
from portion near the steel where Cr is enriched, towards the rust surface. Thus, Cr does 
not only promote refinement of rust grains, but is known to accelerate and stabilize α-
FeOOH transformation 63. The outer portion of rust presents coarser size distribution 
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compared with that of the inner one and thus, rust of old weathering steels is generally 
composed of bilayer structure with porous γ-FeOOH in the outer layer and ultra-fine and 
crack-free α-FeOOH enriched with Cr in the inner layer. It is this compact property of 
rust that prevents the entry of corrosive substances and protects the base metal from 
dissolution. Fig. 2-22(a) outlines the mechanism of protective rust, considered to be 





















Figure 2-22. Long-term formation mechanism of rust layer in (a) weathering steel 
according to Yamashita et al.64 and (b) mild steel according to Misawa et al.65 
 
 
In contrast to the above process, rust layer in carbon steel (CS) undergoes a 
different transformation as shown in Fig. 2-22(b). First, only few heterogeneous 
Fe(O,OH)6 nuclei exist at initial stage of corrosion. Then, the nuclei also grow into large 
crystals of α-FeOOH, γ-FeOOH, Fe3O4, and amorphous substances because there is no 
alloy present that deforms and suppresses the growth of the particles. This allows the 
growth process to proceed rapidly instead of the nucleation process. The rust phases in 
CS, thus, evolve into a system having uneven and coarser size with many voids that 
provide preferential paths for corrosive ions, leading to drastic increase of corrosion rate 
50,57,58. Moreover, because of higher corrosion rate, rust in CS is considered to have lower 
concentration of α-FeOOH and higher γ-FeOOH than that of weathering steel 66. Finally, 
morphology of the rust layer presents a heterogeneous mixture of the phases, with α-
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Amorphous oxyhydroxide Amorphous oxyhydroxide
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2.5.5. Mechanism of rusting in marine environment 
(a) Chromium-type weathering steel 
Relationship of corrosion rate and salinity, plotted in Fig. 2-23 from 41 
weathering steel bridges in Japan exposed over a 12-year period 29, reveals that steady-
state corrosion rate of about 6 μm/year defines the critical amount above which the rust 
layer in WS starts to become loose. This rate corresponds to a salt deposition of 0.05 mg 
NaCl/dm2/day (mdd). Above this value, corrosion process proceed at significant rate 
leading to the development of voluminous and loosely adhering layer.  Thus, 0.05 mdd 
has been set by standard agencies in Japan as the minimum rate of NaCl deposition that 














Figure 2-23. Penetration curve and corresponding rust morphology of Cr-type (above) 
and high-Ni WS (bottom) exposed to coastal area for 9 years. 29 
 
 
Kimura et al.42 made a pilot study on steel samples exposed to Kimitsu City, 
Chiba for 1 year, just 10m from the seashore where air salinity is 1.3 mdd (Fig. 2-24(a)). 
They found that addition of Cr to Fe by up to about 5 wt. % increases the corrosion rate 
considerably. This was later confirmed by Itou et al.40 using laboratory salt-spray test. 
The experiment involved thin, rectangular specimens with basic composition of Fe-
0.005%C-0.25%Si-1.5%Mn, and added with other elements at various amounts.  The 
specimens were sprayed on top and bottom by 5% NaCl water once a day for 1 year to 
simulate marine atmosphere. The result given in Fig. 2-24(b) revealed that corrosion rate 
increases at low concentration up to 5%, but decreases thereafter. However, adding more 
of the element to the material is not practical as this would entail additional cost. These 
two pioneering studies gave a solid ground of evidence to eliminate Cr as a practical 
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Figure 2-24. Representative penetration curve of (a) Fe-Cr binary alloy with increasing 
concentration of Cr under actual exposure test in marine atmosphere 42; and (b) low-
alloy steel with increasing Cr content obtained using laboratory spray test 40. 
 
 
Several works are available in literature to describe the decrease in corrosion 
resistance due to slight addition of Cr from electrochemical point of view. According to 
Kimura et al.58, the acidity produced when airborne salinity is low (≤ 0.05 mg 
NaCl/dm2/day) merely allows Cr to increase the number of nucleation sites and 
participate in the formation of protective oxyhydroxides. In contrast, the acidity when 
airborne salt is highly concentrated (> 0.05 mg NaCl/dm2/day) increases to a greater 
extent that hydrolysis of Cr and Fe becomes very notable. This happens rather easily with 
Cr than other metals because of smaller potential requirement to convert the element to 
Cr2+ (see Table 2-1). Subsequent reaction with water and oxygen leads to further 
lowering of pH on the iron surface through the process suggested by Eqs. (2.18) and 
(2.19). This increase of acidity on corrosion products, according to Kimura et al. and 
other researchers 31,58,68, intensifies the localized corrosion in conventional WS. 
 
Cr3+ + 3H2O → Cr(OH)3 + 3H+ (2.18) 
2Fe2+ + 3H2O + 1/2O2 → 2FeOOH + 4H+ (2.19) 
 
Kimura et al. 43,69 went on further by considering the corrosion process  in the 
atomic level. Rust normally found in Cr-bearing WS takes the form of oxyhydroxides, 
i.e. crystalline α-FeOOH in the inner layer with Cr occupying the vacant sites of the 





































































Fe – X mass % of Cr
Fe-based binary alloy in 
marine atmosphere
(1 year, 1.3 NaCl mdd)
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containing water, a thin layer of additional hydroxides (OH) — also called hydroxyl 
group — are known to exist on the surface of FeOOH phases acting like a cover (Fig. 2-
25). These groups of ions are negatively charged. H+ can attach into them during wetting 
periods so that the surface changes into . An extra H+ can be brought about by an 
increase of acidity when Cr or Fe undergoes dissolution through Eqs. 2.18 and 2.19. 
Consequently, the rust surface becomes positively charged, causing Cl−, being negatively 
charged ion, to migrate towards the surface and form ∙  during drying. In other 
words, oxyhydroxides containing Cr acquire anion-selectivity that causes enrichment of 
chloride near the rebar surface, and advances the corrosion rate leading to uncontrolled 
growth of rust. The acidifying property of Cr under high-airborne salt was the basis of 
















Figure 2-25. Structural model of Cr-type weathering steel explaining the reduction of 
corrosion resistance by enrichment of chloride in the inner layer. 
 
 
(b) High-Nickel weathering steel  
In contrast to Cr, a drastic improvement on the anti-corrosive behavior by Ni 
addition can be observed within just few mass %, as presented in Fig. 2-26. The plots 
were derived from the research of Kimura et al.42 on Fe-Ni binary alloy (Fig. 2-26(a))  
and Itou et al.40 on multiple-alloyed steels (Fig. 2-26(a)). Based from the results, 
incorporating 3 to 5% reduces the corrosion rate by optimum amount, and further 
addition barely leads to any improvement. Thus, additional increase of Ni together with 
elimination of Cr have been considered to be the guiding principle of improving the anti-



















After establishing the alloy design concept by Ni addition, Itou et al.40 and Kihira 
et al.70 then exposed another set of specimens to coastal area of Kimitsu, Chiba in order 
to verify the influence of Ni in actual marine environment. They adopted a basic 
composition of 0.05% C – 0.05% Si – 1.0%Mn – 0.008% P – 0.4% Cu to satisfy the 
criteria set by JIS G 3114, which governs the specification of WS in unpainted 
application. Fig. 2-27(a) gives the result of the corrosion loss at different Ni content after 
9 years of exposure, while Fig. 2-27(b) presents the actual appearance of rust 
corresponding to two types of WS. Based from these figures, corrosion remarkably 
progresses at Ni content less than 1 mass%, while the entire thickness of conventional 
WS completely turned into rust. Ni content of 2 mass% also reduces the corrosion loss 
but the rust layer exhibited lamellar exfoliation, i.e. extensive expansion and detachment. 
An optimum decrease of penetration was achieved beginning at 3 mass% Ni, with further 
addition does not appear to cause significant improvement. The material retained almost 
all of its metal intact (Fig. 2-27(b)), confirming the formation of protective rust. From 
these data, it can be inferred that 3% Ni addition with usual content of Cu is sufficient to 


















Figure 2-26. Representative penetration curve of (a) Fe-Ni binary alloy with increasing 
concentration of Ni under actual exposure test in marine atmosphere 42; and (b) low-
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Figure 2-27. (a) Effect of Ni content in plate specimens with thickness of 6mm on 
atmospheric corrosion behavior exposed for 9 years in marine atmosphere 40; (b) 
Penetration curve and corresponding rust morphology of Cr-type and Ni-type WS 
exposed to coastal area for 9 years 70. 
 
 
Much of the scientific knowledge on the protective mechanism by Ni-added 
weathering steel were made from a series of microstructural studies led by Kimura 43,53,71.  
It has been established that dissolved iron forms Fe(OH)2 during the first several minutes 
that iron is in contact with a film of seawater. This Fe(OH)2 changes into γ-FeOOH and 
Fe3O4 by reaction with oxygen and water as the film dries out. When the surface is 
covered with seawater again, Fe3O4 remained in the following dry cycle. This means that 
the phase was stabilized during the early stage of corrosion. The stabilization of the phase 
has been related to the replacement of Fe-position by Ni according to a series of reactions. 
During the process of wetting, Ni is dissolved as Ni2+. Then, Ni2+ interacts with oxygen 
and iron during the period when the condition transitions from wetting to drying, forming 
Fe2NiO4 units. The structure of this newly stabilized rust is identical to that of pure Fe3O4, 
having octahedral and tetrahedral sites occupied by Fe3+ or Fe2+, respectively 71. In 
Fe2NiO4, however, Ni
2+ replaces some positions occupied by Fe2+ in the tetrahedral sites.  
In other words, the stabilized Fe3O4 during the first cycle is in fact Fe2NiO4, 
achieved by Ni substitution. The presence of these units alters the properties of rust layer 
dramatically. On one hand, they provide sites for nucleation of Fe(O,OH)6 network 
together with CuOx, resulting to a system surrounded by fine and closely packed grains. 
Thus, an increase in Ni accelerates the nucleation process to stabilize the ultra-fine α-






















Ni content (mass %)
Exposed at wharf in Kimitsu City, 
Chiba Prefecture for 9years
Airborne salt deposition: 1.3 mdd
 Lamellar exfoliation of rust 
No lamellar exfoliation of rust
SMA 490 similar to ASTM A-242
10m from sea shore of Kimitsu, Chiba after 9 yrs with 



























FeOOH in the inner layer 72. On the other hand, as Fe2NiO4 increases in the inner layer, 
the hydroxyl groups (-OH) on the surface turn into -O− during wet periods, as shown 
schematically in Fig. 2-28. The inner layer then becomes negatively charged, which 
facilitates the approach of Na+ during dry periods to become -O− ∙ Na+, while repelling 
Cl¯. That is, chloride ions are prevented to reach the steel surface, and decrease the pH 
in its vicinity to depress the rate of corrosion. It is precisely this repelling of chloride that 
gives the rust of high-Ni WS greater resistance than that of conventional WS (ASTM A-














Figure 2-28. Schematic presentation explaining the reduction of corrosion resistance in 
Cr-bearing weathering steel by enrichment of chloride in the inner layer. 
 
 
A different model has been put forward by Konishi et al.73 derived from 
compositional analysis of rust layer in Fe-binary alloys using radiation-based techniques. 
According to them, Cr is not located at specific sites in the crystal structure of rust phases 
in the layer. Rather, they postulated that Cr or a molecule containing Cr is merely 
adsorbed on the surface or grain boundary of rust particles, which allows the element to 
meet or interact with chloride from atmosphere. This interaction with corrosive 
substances suppresses the role of Cr in forming the protective ability of rust layer. 
 In contrast, the local structure around Ni in the rust is unique and does not vary 
over a certain range of Ni-content. In other words, Ni is positioned at a specific site in a 
definite crystal structure of the phases that make up the rust, which are most likely Fe3O4 
and β-FeOOH. In this way, Ni cannot be approached by chloride, explaining its important 























(c) Summary of comparison 
Based from the above review of literature, the evolution of rust network in high-
Ni WS compared with conventional WS and carbon steel exposed to relatively high air 
salinity is summarized in Fig. 2-29. The figure presents element profiles on the rust 
thickness, lifted from various publications, to provide evidence on the corrosion behavior 
of the steels. As shown, the protective function of Ni-type WS is achieved by stabilizing 
Fe2NiO4 through Ni-substitution to make the rust more negatively charged. The inner 
layer attracts sodium ions while preventing chloride ions to reach the steel-rust interface 
(top of Fig. 2-29). All that, in addition to an increase in density resulting from formation 
of finely sized rust grains, enhances the corrosion resistance of the material remarkably. 
In contrast, rust layer in Cr-type WS possesses positive charge promoting the approach 
of chloride near the steel (middle of Fig. 2-29). In the case of carbon steel, there is no 
element to alter the growth of rust crystals. Thus, the network of Fe(O,OH)6 units merely 
accumulate into large grains resulting into a structure that contains large voids, through 






2.5.6. General requirements for developing the protective layer 
  There are  certain instances that have been reported in literature when weathering 
steel may not be advantageous to use over carbon steels due to rust layer developing very 
slowly or none at all, either because of unfavorable environment or very slow progress 
of corrosion. Matsushima et al.75 conducted detailed survey and mass loss measurement 
on small pieces, as well as on large structural elements, made of WS in an attempt to 
identify the factors that decide whether the protective layer will form or not. The result 
of exposure test from 1 to 4 yeas revealed that the film appears optimally under the 
washing and drying action of rainwater and sun, respectively. Surfaces with poor 
drainage and allows water to collect tended to form loose and non-compact rust because 
Network evolution Rust grains Rust layer profile 
High-Ni Weathering Steel 
 
 
Conventional Weathering Steel (Cr-type) 
 
 
Plain Carbon Steel 
 
 
Figure 2-29. Mechanism of rusting in plain carbon, Cr-type, and Ni-tye weathering 
steels under aggressive marine environment. In the figure, Fe(O,OH)6 octahedron is 
represented by a pair of triangles side-by-side. In Ni-type WS, Ni occupies one triangle 
adjacent to octahedron, representing tetrahedral site of Fe3O4 (Figures are 
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the oxides would absorb significant amount of water. For the same reason, areas where 
drying is impeded, such as those located at interior of structures also do not provide 
suitable environment for a uniform layer. In consequence, surfaces that remains 
constantly moist or experience very long wetness times do not produce strongly adherent 
rust. In an environment where chloride may deposit and accumulate on the steel surface 
without being washed away, the corrosion rate may be significantly high reducing the 
chances of forming the layer, regardless of the alloy added. Such is the case at exposure 
near the coastline. Thus, the existence of efficient wet-dry cycle is widely accepted to be 
the deciding factor for the formation of dense and adherent layer 29,46. 
 Additionally, indoor exposure or conditions where wetting and drying action is 
almost absent, the progress of corrosion will be slow regardless of steel composition. 
Rust in alloyed weathering steels may develop the layer very slowly. Because of this, the 
material has been observe to behave similarly with alloyed, carbon steels in indoor 
exposure46. 
 It is notable that much of the knowledge available in literature about the 
requirements to develop the protective rust are all based on the conventional Cr-type WS. 
This is not surprising since Ni-type WS is only developed quite recently and may require 
longer time to establish the same information. Thus, a study on the general requirement 
to form the adhering rust in the new material should be developed. 
 
2.6. Related Studies on the Application of Weathering Steels 
2.6.1. Simulated pore solution 
Theoretical or full polarization curves of individual half-cell reactions, indicated 
in Figs. 2-7 and 2-8, are not possible to determine directly. This is due to the fact that, 
during corrosion, oxidation and reduction processes are occurring simultaneously in a 
single surface of the metal. To obtain the corrosion parameters experimentally, a set-up 
similar to Fig. 2-4 is required. The corrosion potential (Ecorr) is measured first relative to 
a reference electrode, then a potentiostat is used to change the potential above and below 
this value while simultaneously measuring the resultant current through a counter 
electrode. The relationship of potential and current yields the experimental polarization 
curve composed of two branches diverging from corrosion potential, with the anodic 
branch extending above the Ecorr while the cathodic branch below it. The two branches 
51 
 
will usually approximate a straight line where they meet at a point that defines the 
corrosion potential (Ecorr) and current density (icorr).  
Wen et al. 74 used the above e procedure to study the behavior of carbon steels 
and Ni-containing steels in a solution of 1.0 wt% NaCl and 0.01 mol/L NaHSO3 . Fig. 2-
30 gives the result of the study. The densification of rust layer, as evident from the 
lowering of corrosion current with increase of Ni, is related to the change of potential 
towards more positive values in accordance with direction of arrows (Fig. 2-30). This 
has been associated with barrier function of oxides as the rust progressively grows on the 











Figure 2-30. Experimantal polarization curves of steels with increasing Ni-content in 
1.0 wt% NaCl and 0.01 mol/L NaHSO3. 
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Chen et al. 76 assessed the polarization resistance as another way of interpreting 
the protective ability of metal against corrosion in simulated concrete pore. The 
parameter is derived from experimental polarization curve and computed corrosion 
current density through: 
 
 
where  = polarization resistance (Ω-cm2);  = slope of anodic polarization branch 



























The authors subjected low-alloy steels, having small additions of Cr and Ni, in 
saturated Ca(OH)2 with increasing NaCl content to simulate reinforced concrete 
condition under chloride attack. From the result of the study given in Fig. 2-31, a 
significant drop in resistance could be observed at certain chloride amount (i.e. threshold 
value), defined as the requirement for extensive breakdown of passive film. Depending 
on the steel composition used, the chloride content that cause breakdown and the final 
value of the resistance significantly differed. Relative presence of Cr and Ni was 
associated with higher chloride threshold and higher resistance indicating improved 
corrosion durability. In this investigation, however, the steels, underwent passivation in 
alkaline solution for 2 weeks before the authors incorporated the chloride. Therefore, the 
study demonstrated the improved resistance as influenced by the passive oxide film that 
forms before dapassivation, but not due to the adherent rust layer supposedly found in 















Figure 2-31. Linear polarization resistance (LPR) of low-alloy steels in saturated 




Information on the structure of passive film that forms in iron with small amount 
of Ni addition appears to be lacking. However, existing studies on stainless steels and 
pure nickel suggest that under alkaline solution, Ni is predominantly dissolved into ions 
such as Ni(OH)+ 77. It changes into Ni(OH)2 or NiO following the reactions 2-21 and 2-
22. It is generally accepted that these oxides are the primary components of the passive 
film 78. 
Ni(OH)ads + OH
– → Ni(OH)2 + e– (2.21) 
Ni(OH)2 → NiO + 4H+ (2.22) 






















2.6.2. Concrete Element 
 Limited studies are currently available that deals with WS being applied to 
concrete. As early as 1986, Winslow79 investigated the durability of conventional, 
weathering-type high-strength low-alloy steels (ASTM A-242) embedded in concrete. 
RC prisms (Gmax = 19 mm; W/C = 0.47; cement = 212 kg/m
3) were made and exposed 
to 5 years of salt dosage typically found in bridge decks of Indiana, USA. The steels were 
initially rusted to normal atmosphere for about 1 year prior to embedment in order to 
develop the protective surface layer. Concrete blocks with rusted HSLA did not show 
any significant cracking even with chloride content was found to be 2 to 5 times above 
that the values that normally cause severe cracking in bridge decks due to corrosion (Fig. 
2-32). The result, however, is rather brief and presented only the cracking pattern. 
American Concrete Institute, stated explicitly in Manual of Concrete Practice80 
on the use of weathering steel as reinforcement of concrete,: “Embedded natural 
weathering steels generally do not perform well in concrete containing moisture and 
chloride”. With no evidence to support this premise, Winslow in the same paper 
speculated that the statement may have been based from experience with HSLA steels 
that were not pre-weathered or did not have realistic salting schedule. Thus, whether 












Figure 2-32. Sections of reinforced concrete showing crack patterns after 3 years of salt 
application followed by 2 years in outdoor environment; and the resulting chloride 
content near reinforcement. 79 
 
 
Liu et al.63 exposed mortar samples containing steel bars with different trace 
amounts of Cr to tidal zone in an actual marine site. After a year of natural corrosion, the 
bars were removed from mortar and times of corrosion were analyzed (Fig. 2-33(a)). The 
estimated initiation times suggest that ordinary steel took the shortest time to corrode, 









































HSLA/Cor-ten (ASTM A-242) Plain Carbon steel
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showed milder damage, while that of 5 mass% Cr have no signs of damage and can be 
considered to be well within the passive state (Fig. 2-33(b)), confirming the predicted 
time of corrosion. According to a related study by Liu et al.81 on the same set of metals, 
the delay on rusting was made possible because Cr reinforce the structure of passive film 
in the form of Cr(OH)3. An increase of Cr increases the amount of the compound, which 















Figure 2-33. (a) Chemical composition of studied steels and time of corrosion initiation; 
(b) corrosion macro-morphology after removal from mortar specimens (40 x 40 x 200 
mm; cover depth= 9 to 12 mm; C:W:S = 1.0 : 0.5: 2.5); (c) macro-morphology of rebars 
after cyclic wetting (48 min./cycle) and drying (12 min./cycle) in simulated concrete pore 
solution for 8 days. 63 
 
 
Liu et al.63 also conducted parallel experiment involving short-term wet-dry cycle 
in a solution of Ca(OH)2 and NaCl (Fig. 2-33(c)). They concluded the same rust phases 
that formed in pore solution were the same rust that was found in actual mortar exposure 
test. The content of α-FeOOH tend to increase while γ-FeOOH decreases with increasing 
Cr. The result seem to confirm the superior durability of Cr-added steels in mortar. 
However, based from the morphology of the corroded bars given in Figs. 2-33(b) and 2-
33(c), only thin and localized spots of corrosion can be observed while vast majority of 
the surface is still uncorroded (passive). This morphology does not seem to resemble a 
true adhering layer. Besides, 1% NaCl content used in the solution was well below the 
critical amount for a corrosion layer to develop 81.  In other words, the resistance provided 
by the bars can be associated to the presence of passive oxide film alone, and not on the 
compact, protective rust layer typically found in weathering steels. 
Steel
Constituent (% by weight) Time to corrode
Fe C Si Mn P S Cr (years)
HRB400 Bal. 0.20 0.57 1.57 0.02 0.017 0.08 0.47
1.5Cr Bal. 0.17 0.66 1.30 0.01 0.008 1.50 0.63
5Cr Bal. 0.16 0.45 1.57 0.01 0.004 5.06 1.15
1.5Cr HRB400 5Cr 
(b) Concrete specimens 
(c) Specimens in pore solution 
of Ca(OH)2 + 1%NaCl 
(a) Chemical composition 
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In an accelerated test conducted by Shi and others82, corrosion was induced by 
impressed current technique on Cr-alloyed steel at 0.86 mass% embedded in concrete 
under 3.5% NaCl solution using. Rust layer that formed after 10 days of accelerated test 
was found to be more compact and adherent compared to its corresponding carbon steel. 
Compositional analysis made on the rust layer revealed that it has a dual structure with 
Cr enrichment in the inner layer adjacent to steel surface (Fig. 2-34(a)). The inner layer 
was found to have maghemite (γ-Fe2O3) as the main oxide with small amounts of 
feroxyhite (δ-FeOOH) and ferrihydrite (5Fe2O3∙9H2O) (Fig. 2-34(b)). Maghemite have 
compact structure, while the other constituents could transform into more stable and 
protective goethite (α-FeOOH) by Cr addition, which explains Cr enrichment near the 
steel substrate. The outer layer, on the other hand, contains porous hematite (α-Fe2O3), 














Figure 2-34. (a) Distribution map and (b) and identified corrosion products in rust layer 
formed in 0.86% Cr-added steel after 10-days accelerated corrosion test in concrete (50 
x 50 x 200 mm; Gmax = 10 mm; cover depth = 20 mm; W/C = 0.53); (c) Magnified image 
and (d) identified corrosion products in rust layer of carbon steel. 82 
 
 
The rust layer in carbon steel are loosely adhering that easily separates from bulk 
steel, then diffuses towards the bulk mortar, as evident in Fig. 2-34(c). This is because 
the main constituents that make up the layer are lepidocrocite and hematite (Fig. 2-34(d)), 
which are porous and unstable similar to those found in the outer layer of alloyed steel. 
This improvement in microstructure and composition provides yet the first evidence of 












induced cracks in concrete. It should be noted, however, that accelerated technique can 
alter the process of rusting to yield structure and composition different from natural 
chloride-induced process. The study also lacks supplementary data such as weight loss 
and electrochemical information that quantifies the magnitude of resistance provided by 
rust layer due to alloy addition. 
 
2.6.3. Behavior of weathering steels based on potential measurement 
Kashima et al.83 studied the protective ability of rust layer developed on 
conventional WS after exposure to real industrial atmosphere at various times by half-
cell potential method. The investigators used an assembly shown in Fig. 2-35(a) which 
consists of a reference electrode sitting on top of sponge pre-wetted with 0.10 mol/L 
Na2SO4 solution. The potential with developed rust layer after 30 minutes in contact with 
solution increases with increasing exposure time, indicating that dissolution is prevented 
as the rust forms. Also, when the corrosion rate determined from mass loss was plotted 
against the potential obtained at same time, corrosion rate at optimum resistance was 
found to occur at potential equal to or more positive than – 0.3 mV vs. SCE (Fig. 2-
35(b)). Results also showed that there is a clear inverse relationship between potential 
and corrosion rate, in line with ASTM C876. This relationship suggests that the rusting 
is reduced by the inhibition of iron dissolution due to shielding effect of rust layer. 
The authors were also able to show strong correlation between the rust 
composition and the half-cell potential (Fig. 2-35(c)). Improving the protective ability 
index (α/γ*) results to more positive potential. The ratio is based on earlier discoveries 
that protective rust in WS tend to have higher 𝛼-FeOOH but lower content of other phases 
50,54,57–59,62–64. Thus, its relative composition can be used as an index to assess the rust 
layer’s protective ability 45,51. The index tends to increase proportionally with time, due 
to long-term phase transformation of rust. Finally, a potential of – 0.3 mV vs. SCE was 



























Figure 2-35. (a) Potential measurement assembly using 0.1 mol/L Na2SO4 to assess 
the protective ability of rust layer induced from industrial environment; (b) relationship of 
corrosion rate and potential in solution of Cr-type weathering steel; and (c) relationship 
of potential  with protective ability index (α / 𝛾∗) and time. 83 
 
 
An experimental set-up was developed by Pourbaix et al.84 in which a bare steel 
sample can be automatically placed in and out of a solution, which is made to represent 
wetting and drying scenarios in any form of atmosphere. Aqueous solution containing 
10-4 mol/L NaHSO3 was used simulate industrial atmosphere with the electrode potential 
being measured every immersion periods. Difference in electrochemical behavior 
between the steels can be achieved only within 3 weeks using the accelerated method 
(Fig. 2-36(a)). As the layer develops over time, the potential gradually increases to higher 
values. Higher potential is reached much faster by weathering steels than by carbon 
steels, which means that the former stabilize the protective phase by alloy inclusion at a 
shorter time. Weathering steel stabilizes at potential around +100 mV (vs. SHE) while 
carbon steel or non-weathering steels with loose layer registered much lower value at -
100 mV (vs. SHE) or less.  
Shi and co-workers85 conducted a long-term electrochemical tests on two steel 
types in a simulated concrete pore solution, containing 0.1 M NaOH, 0.2 M KOH, 0.1 M 
Ca(OH)2, and 0.03 M CaSO4. The solution gives a pH value of around 13.3. To simulate 
concrete condition under chloride attack, NaCl was added in the solution in a step-wise 


























































manner (0.05 M NaCl/day), 10 days after the steel sample made in contact with the 
solution. Then, NaCl was eventually kept constant after 30 days. Results, presented in 
Fig. 2-36(b), indicate that corrosion potential markedly increase in both steel types during 
the passivation stage when no chloride is present. Then, the general behavior of potential 
differed after NaCl was added incrementally. Both steels exhibit drastic change in 
potential to lower values over the period that chloride was being applied. After NaCl 
remained constant and the steels are in an active state of corrosion, the potential gradually 
increased and then decreased again for LC steel; while LA steel sustained an increasing 
trend at longer periods.  
Using complementary electrochemical techniques, the shift to higher values 
observed in LA steel at later stage was explained by the formation of compact and 
uniform rust layer after more than 140 days exposed to test solution. In particular, the 
presence of stable rust layer was found to suppress the oxygen reduction process; thus, 
inhibiting the occurrence of pits and reduces the corrosion rate overall. In summary, Shi 
et al. concluded that small addition of Cr results to remarkable corrosion resistance by 
the passive film, as well as the developed rust layer in alkaline environment under long-
term chloride attack. The observations, thus, appear to corroborate with the result that is 




















Figure 2-36. (a) Change of corrosion potential with time for different steels under 
accelerated wetting and drying in 10—4 mol/L NaHSO3 
84; (b) Potential of low-alloy (LA) 
and low-carbon (LC) steels as a function of exposure time in simulated concrete pore 



























































































Fixed 1 mol/l NaCl (31 – 143 days)
Incremental NaCl addition 
(11 – 30 days)
Passivation stage (0 – 10 days)
Constituent (% by weight)
Steel Fe C Si Mn P S V Cr Cu Ni
LC Bal. 0.22 0.53 1.44 0.03 0.02 0.04 - - -





Corrosion is considered the most common cause of deterioration in reinforced 
concrete structures. Majority of the deterioration is attributed to chloride attack. 
Embedded steels are damaged in the form of cross-section loss, which results to cracking 
and spalling of cover, loss of confinement of steel, reduction in load-bearing capacity of 
the section, leading ultimately to brittle failure of the member. The thickness lost due to 
corrosion is the primary parameter used to assess the durability of material in many 
corrosion-related studies. 
Corrosion potential is a direct consequence of the electrochemical nature of 
corrosion. In a corroding reinforced concrete, this is measured by using a standard 
reference half-cell electrode connected to a high-resistance voltmeter and embedded 
steel. The electrode is then placed and moved on the surface of concrete, inducing a 
potential difference between the electrode and steel (below the moving electrode) due to 
electron current flowing between these two through the cover. Based from the established 
theory of corroding iron, the lower the half-cell potential (more negative), the faster is 
the corrosion rate. This principle allows for a qualitative assessment of corrosion 
probability in embedded reinforcements. However, such relationship is not universal and 
may not be true in instances where the amount of oxygen controls the corrosion rate. A 
detailed survey to determine the actual degree of damage is necessary to ascertain the 
potential reading, which are usually in the form of corrosion rate and affected area. 
Weathering steel refers to a set of steels that exhibit resistance against atmospheric 
corrosion under long-term exposure. Expensive alloys are added in lower amounts 
starting at 1% to a maximum content of 5%, which makes the material a more viable 
alternative to the expensive stainless steels. There are two kinds of WS that have been 
developed so far, the conventional one with higher Cr content, and the newly developed 
WS with high Ni. Extensive research conducted on these two materials in bare condition 
have shown that Ni-added WS exhibit greater resistance in environment with high 
airborne salinity due to the repelling effect of rust phase with Ni addition.  Studies on 
alloyed steel in alkaline solution and cement-based materials are rather limited, but they 
appear to have same conclusion that alloyed steels have superior durability than ordinary 
carbon steel under alkaline condition. The subject of many of these research, however, 
either have put emphasis on the passive film that appears during a time when rusting has 
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not yet started, or have considered different factors such as alloy composition or 
corrosion method.  
Corrosion potential is a popular non-destructive method to monitor the corrosion 
condition of steel in bare form or embedded in concrete. Generally, the potential changes 
depending on the availability of moisture in the pore network, the pore volume, content 
of chloride near the steel, as well as the cover thickness. Furthermore, corrosion potential 
of weathering steels exposed to atmosphere or in alkaline environment is generally higher 
(more positive) than that of carbon steel, indicating an improved corrosion resistance due 
to development of adhering layer on the surface of material. These findings demonstrate 
the ability of potential measurement to reveal certain characteristics of rust layer in any 
type of steel; thus, forming the motivation of using the technique in this study. When 
applied in conjunction with conventional mass loss measurement, it is a powerful non-
destructive means to conduct corrosion studies of reinforced concrete. 
Finally, it has been pointed out that many of the knowledge currently accepted are 
based on studies made on conventional weathering steel. Therefore, this study will 
contribute to the presently insufficient data with regards to the behavior of the newly 
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Progress of Corrosion on High-Nickel Type 





  The damage induced by metals through the electrochemical process of corrosion 
takes the form of mass loss by conversion into ions first, then separation from the bulk 
material and finally, precipitation into new products. This mass loss results ultimately to 
thinning of its cross-section of the material. In this chapter, a basic investigation was 
conducted to study the progress of corrosion on the newly developed weathering steel 
(WS) 1.0 wt% Ni, relative to conventional WS containing 1.0 wt% Cr and ordinary 
carbon steel. The study is composed primarily of weight loss analysis on a series of 
specimens subjected to liquid solution that simulates the alkalinity and oxygen of 
concrete pore in cracked condition, with chloride promoting the corrosion process. The 
aim of the this chapter is to provide baseline data on the corrosion mechanism of 
weathering steel embedded in cement-based material undergoing chloride attack. The 
method and result of the study are explained in detail in the following sections.  
 
3.2. Experimental Outline 
3.2.1. Materials 
(a) Steel Bars 
 The chemical compositions of studied steels are listed in Table 3-1. PC is the 
control specimen, designated by JIS G 3505 standard (Low carbon steel wire rods) as 
SWRM 8, having a carbon content of 0.8% or less. On the other hand, CT contains 
relatively high Cr but low Ni content, whereas NT has high Ni with almost no Cr. Both 
are weathering-type low-alloyed steels conforming to JIS G 3114. Steel samples were 
shipped in coil shape and stretched in a factory to form rod shape with diameter of 5mm. 
They were, then, cut to lengths of 50 mm and polished at their ends using SiC paper No. 
120 to remove the sharp edges. 
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 Table 3-1. Chemical composition of studied steels.  
Steel 
Alloying element (% weight) 
C Si Mn P S Cu Ni Cr Total 
PC 0.08 0.01 0.33 0.026 0.013 - - - 0.46 
CT 0.11 0.65 0.45 0.10 0.003 0.40 0.47 1.06 3.24 



















Figure 3-1. Parameters and corresponding symbols used in Immersion Test. 
 
 
(b) Simulated solution  
 Fig. 3-1 provides the experimental variables and case symbols used in the study. 
The absence of oxygen will not induce significant corrosion even if there is abundant 
water and very high Cl− ions present in environment 1. To clarify its influence on the 
formation of protective rust in weathering steel, four levels of exposure were set based 
on the amount of air that will interact with steel. These are: continuous liquid immersion 
(IM), short-frequency wet and dry cycle (SF), long-frequency wet and dry (LF), and 
continuous aeration (AE). Only the amount of air was varied because it already contains 
oxygen at about 21 wt.%, making the experiment easy to conduct.  
 Continuous aeration of liquids (AE) was facilitated by simple electronic aerator 
with air flow rate of about 1.0 L/s. Wet-dry cycle was employed in two levels, one with 
short-frequency (SF) consisting of 4 days complete immersion and 3 days drying; and 
another one with long frequency consisting of 7 days wetting, and 7 days drying. The test 
was carried out in closed room with temperature kept at 20 oC. Fig. 3-2a is the photograph 
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3-day wet, 4-day dry SF
7-day wet, 7-day dry LF
Complete immersion IM
14, 21 30, 60, 90, 120, 150 days
Total of   168 pieces of 




 To accelerate the rate of corrosion, 3.5 wt% NaCl solution was initially prepared, 
which constitutes the pore solution with low pH (case A). To reach concrete alkalinity, 
NaOH was added in a saline water enough to achieve pH of around 13 (case B). This was 
done by dissolving NaOH pellets in 3.5% NaCl solution enough to produce 0.1 mol/L. 
Both solutions were put in 500mL polypropylene bottles and were replaced every 2 
weeks to maintain their alkalinity and salinity as rusting progresses. Before every 
replacement, pH from each container was measured to the nearest 0.01 using a pH meter 
shown in Fig. 3-3a. The average value was found to be 5.72 ± 0.02 for all NaCl solution, 
while 13.06 ± 0.03 for the remaining NaCl and NaOH solution. Specimens were also 






















Figure 3-2. Actual set-up of liquid test showing different conditions. Drying is done in 













Figure 3-3. (a) pH meter; (b) Electronic balance. Three mass measurements were done, 
and the average is obtained both in initial and final (corroded) masses; (c) Vernier 
caliper. Three length measurements were also made, and average was obtained. 
(a) (b) (c) 
3 Days 4 Days




























3.2.2. Cleaning and evaluation of test specimens 
(a) Corrosion depth measurement 
Seven data points were used to plot the thickness loss for each condition to cover 
an exposure period of 150 days, with 1 trial sample for each data point. Consequently, a 
total of 168 pieces of Ø5mm x 50mm steel bars were used in this study (Fig. 3-1). Before 
the test, the initial mass and length of bars were measured using analytical balance with 













Figure 3-4. (a) SiC abrasive papers used, showing different roughness grades; (b) 
Commercial ferric ammonium citrate powder; (c) Corroded samples immersed in hot 
solution of ferric ammonium citrate to chemically remove the adhering rusts. 200g of the 
powder was dissolved in water to make 1.0L of cleaning solution as per ASM G1 2.  
 
 
After about 14, 21, 30, 60, 90, 120, and 150 days, steel bars were retrieved and 
cleaned manually similar to the procedure outlined in ASTM G1 2. The derusting 
procedure involved: (1) light sanding of corrosion products in water using SiC paper No. 
400. Those that cannot be removed by the abrasive paper were scraped and lightly sanded 
further by SiC paper No. 120 (Fig. 3-4a); (2) This was followed by immersing the 
samples in hot solution of ferric ammonium citrate (Fig. 3-4b) for 20 minutes, which was 
initially boiled at 70 to 90oC (Figs. 3-4c). The resulting solution has an acidic pH that 
can dissolve the rust products; (3) and finally, samples were lightly scraped to remove 
the remaining rust layer, rinsed in reagent acetone, and weighed. Weight loss was 









where  = thickness loss due to corrosion (μm);  = mass of the rebar before exposure 
(g);     = mass of the rebar after removing the rust products (g);  = average density 
of the steel type (g/cm3);  = radius of steel bars (mm);  = computed length of the steel 
bars based on average density (mm) =  𝜋  
To estimate the density ( ) of each steel type, the initial mass ( ) of each 
bars was divided by the product of their length measured from caliper ( ) and cross-
sectional area ( ). Values that belong to the same steel type were averaged. Measured 
length obtained from caliper, and computed length using the average density 
( 𝜋 ) are plotted in Fig. 3-5. The plots suggests that the computed density is 
reasonable to use. 
It should be noted that length that was incorporated in the equation of exposed 
surface area in Eq. (3.1) is based on the expression of average density, instead of the 
actual length measured from caliper. This was done because caliper is precise only down 












Figure 3-5. Proportionality of measured length using caliper, and computed length using 
average density of (a) plain carbon steel; (b) Cr-type WS, and; (c) Ni-type WS. Broken 
lines indicate y = x relationship. 
 
 
(b) Test of Significant Difference 
Corrosion depths, which varies over time, were resolved to a single, time-
independent parameter by making use of the power function. The behavior of corrosion 
depth in carbon and weathering steels have been well established from laboratory and 
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where,  = corrosion depth (μm);  = time of exposure (days);  = corrosion depth at 
time = 1 day (μm);  = corrosion rate constant (-) 
 
 Here, n serves as an index of protective property of rust layer 3 and reflects the 
projected behavior of steel bar under long-term corrosion, which takes into account the 
general shape of the corrosion curve 4. The lower the n value, the slower is the growth of 
rust layer, and the underlying steel is more protected. Knowing the initial reactivity ( ) 
of a material to a given exposure, each pair of corrosion data  will yield  unique 
to particular metal and local condition 5 which should cluster around a central value given 
by Eq. (3.3): 
 
 
where,  = time-exponent at ith observation;  = corrosion depth at ith observation 
(μm);  = time at ith observation (day);  = fitted constant from the whole data (-);  
 = observation number, where  = 1,2,…,7. 
    
 There are seven data pairs ( ) that will estimate the parameter  for each series 
(total of 24 series). Statistical comparison was carried out using Mann-Whitney U-test 
using the value of . This test is a nonparametric method generally used for detecting a 
shift in distribution of a variable (  in this study) between two unrelated and independent 
populations with small sample size ( ), and when there is no certainty that the 
data meets the assumption of normality6. The test commences by declaring a null 
hypothesis that there is no difference in  of NT and other types. Because we only wish 
to detect whether NT would reduce the parameter  (i.e. if the distribution of NT shifted 
to the left of PC and CT or not), one-tailed test was employed. The U-statistic is obtained 
by ranking all   observations from two groups being compared, with a value of 1 
assigned to the lowest , and applying Eq. (3.4) 7: 
 
 
where U = test statistic (-); N1 = number of observations in NT (-); N2 = number of 






 We will reject the null hypothesis and resort to an alternative, i.e. NT significantly 
reduces , if Eq. (3.5) is true 7: 
 
 
Where  = observed test statistic;  = computed statistic corresponding to the number 






































3.3. Results and Discussion 
3.3.1. Effect of alkalinity 
 Fig. 3-6 illustrate the result of mass loss investigation in all steels at pH above and 
below neutrality. From the figures, under the condition of same oxygen supply, corrosion 
growth is suppressed when pH is high (case B). In a solution of high pH (> 11.5), 
dissolution of iron favors passive products to form, mainly Fe2O3 (maghemite) or Fe3O4 
(magnetite), according to Pourbaix diagram in Fig. 2-12. Although slightly expansive 
(about 2 times the volume of pure Fe), these products do not easily dissolve in solution; 
in contrast to ferrous ions (Fe2+ or Fe3+) that transforms into water-absorbing oxides, 
Fe(OH)2 and Fe(OH)3, when steel is exposed to acidic water. The latter are known to 
swell by 4 to 6 times the volume of Fe. These mechanisms explain the reduced metal loss 














































































































3.3.2. Effect of oxygen 
 Fig. 3-7 shows the corrosion data arranged according to oxygen level. 
Irrespective of steel type, corrosion depth remarkably increases if the oxygen supply 
increases. Oxygen supports the cathodic reaction (H2O + 1/2O2 + 2  → 2 ) forming 
OH–, thereby producing more rust. In addition, the effect of oxygen is more amplified 
when pH is very low or the solution is acidic. In the curve, an increase of oxygen from 
completely immersed state (IM) to wetting-and-drying (SF or LF) does not contribute 
much to the growth of rust under alkaline case, compared to 2 to 3 times increase in 
corrosion depth when solution is acidic. It is also apparent that corrosion curve under 
acidic water presented linear increase during the first 3 months but remained steady 
thereafter; whereas the curve in alkaline water presents a steady plateau all throughout 
the test. The eventual stability of corrosion depth is associated with the decrease of the 
oxygen diffusion rate as rust thickness increases with time.  This observation appear to 
be consistent regardless of steel type (Fig. 3-7). We find using this result that appropriate 
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3.3.3. Effect of steel type 
  Fig. 3-8 shows the variation of corrosion depth arranged according to steel type. 
From these figures, there was no marked difference between the resistance of weathering 
steels and plain carbon steel when the condition is alkaline; but when the condition is 
acidic, the corrosion degree is amplified with small difference being observed. This 
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(a) High-Cr Weathering steel 
Based from Fig. 3-8, Cr-added steel (CT) could be observed to have lower 
corrosion depth only in continuously oxygenated medium (AE-A and AE-B). Although 
this was evident in acidic case with a decrease of more than 60% than other types at the 
end of the test, CT was only lower by 30% in alkaline case. Previous studies8 pointed out 
that Cr-ion can interact with multiple oxygen ions (O2–) to produce chromium-oxygen 
ion complexes of the form CrOx
3-2x. These ions have been postulated to improve the 
structure of rust, making the layer difficult to grow up 9. Furthermore, while this was true 
for AE condition, it could not be observed in other cases. Therefore, it can be concluded 
that abundant oxygen favors CT to suppress penetration depth. 
 
(b) High-Ni Weathering steel 
 The exponent  computed for each series is plotted with time and displayed in Fig. 
3-9. Comparison was done using Mann-Whitney U-test to compare the parameter n, and 
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Based on Fig. 3-9, as confirmed by Table 3-2, adding Ni does not seem to 
influence the resistance when WS is permanently immersed, regardless of oxygen 
content (IM-A, IM-B, AE-A and AE-B). This is due to the fact that continuous soaking 
in chloride-containing water causes chloride ions to develop uniformly from steel to the 
rust layer. In turn, corrosion accelerates and rust becomes expansive by absorbing 
substantial amount of water. Some portions of rust tend to separate from the metal, giving 
no clear signs of improvement by Ni addition. Fig. 3-11 gives the morphologies of bars 
after 120 days of test, showing thick corrosion layer in NT, confirming this premise. 
These results are in line with past studies. Larrabee 10 reported that the resistance of WS 
wetted continuously is not as apparent as those formed in open exposure. A study by 
Matsushima et al. 11 also concluded that when rain water collects on WS surface, some 
portions of the rust would repeatedly detach in localized manner, making the layer 
difficult to stabilize.  
On the other hand, NT appears to level off the growth of rust only in the presence 
of periodic drying and acidic electrolyte (LF-A and SF-A). At the end of the test, an 
average decrease of 19% in long-frequency wet-dry (LF), and 33% in short-frequency 
wet-dry (SF), caused a modest reduction in parameter n of NT relative to other steels. 
This is typical to atmospheric exposure, where Ni-added steel forms the dense rust only 
after some time. Acidic water causes dissolution of iron to start the corrosion process 
Table 3-2. Result of Mann-Whitney U-test 
Treatment Control U-Stat Decision 
IM-A-NT 
IM-A-CT 41  
IM-A-PC 35  
LF-A-NT 
LF-A-CT 48 ○ 
LF-A-PC 48 ○ 
SF-A-NT 
SF-A-CT 49 ○ 
SF-A-PC 44 ○ 
AE-A-NT 
AE-A-CT 7  
AE-A-PC 47 ○ 
IM-B-NT 
IM-B-CT 46 ○ 
IM-B-PC 24  
LF-B-NT 
LF-B-CT 47 ○ 
LF-B-PC 5  
SF-B-NT 
SF-B-CT 42 ○ 
SF-B-PC 14  
AE-B-NT 
AE-B-CT 0  
AE-B-PC 4  
○   NT is lower than other type under the designated 
condition, at 95% confidence level. 
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during wetting stage, while dense rust is stabilized when wetting transitions to drying 
stage 12. Drying also provides washing effect against accumulated water, giving rise to 
uniform rust coating. This supposed coating on NT is observable in Fig. 3-11. The 
beneficial role of drying as a prerequisite for developing the protective layer in Ni-type 
WS has already been pointed out in literature 13–16. 
In contrast, when solution is alkaline, Table 3-2 supported that NT do not differ 
substantially compared to other types. In fact, the resistance exhibited by low-alloyed 
steels does not seem to differ significantly from that of carbon steel in an environment of 
high pH, regardless whether oxygen is abundant or not (i.e. AE-B, SF-B, LF-B, and IM-
B). The same is true for conditions with very low oxygen (i.e. IM-A). This behavior may 
be explained in terms of electromotive force ( ) that drives the corrosion current from 
anode to cathode on steel surface, given by Eq. (3.6) 17: 
 
 
where, e = electromotive force of reinforcement corrosion cell (V); [O2]    = molar 
concentration of oxygen (mol/L); pH = pH of concrete electrolyte;   [Fe2+]  = mass 
concentration of Fe2+ near rebar surface (mol/L). 
 
By drawing the schematic polarization curve of a corroding iron (Fig. 3-10), e 
corresponds to the difference in potential between the metal and oxygen at equilibrium, 
i.e. zero corrosion current. Eq. (3.6) suggests that e would decrease at pH range typical 
to hardened cement (12.5 to 13.5), or at very low oxygen. When steel starts to corrode, 
the resulting corrosion rate is significantly low because the whole cathodic reaction 
(usually the reduction of dissolved oxygen in water) shifts to lower current values (from 
point 1 to point 2). The decrease happens regardless of steel composition because the 
process is controlled, in large part, by the cathodic reaction. In other words, due to the 
inhibiting effect of alkalinity and low oxygen the corrosion depth sustained by all steels 
will reduce, so that WS would behave practically the same as conventional steels. This 
premise is also supported by the fact that corrosion products in all materials, under 
alkaline and low oxygen scenarios, are strikingly similar in terms of color, uniformity, 
and areal extent (Fig. 3-11). 
 Weathering steels exhibit superior resistance than carbon steel due to a dense rust 




The result presented in this study indicates that such layer did not form, and, therefore, 
the resistance is not as significant in environment that remains permanently moist, has 
high pH or has very low oxygen.  
  


































Figure 3-11. Macro-morphology of corroded samples after 120 days of liquid immersion test.
Series AE SF LF IM 
B-PC 
    
B-CT 
    
B-NT 
    
     
A-PC 
    
A-CT 
    
A-NT 
    
82 
 
3.4. Summary and Conclusion 
The durability of high-Ni WS was studied by subjecting a series of steel samples to 
immersion in liquid phase that simulates the content of oxygen and alkalinity of concrete under 
long-term chloride attack. pH was changed by adding NaOH to achieve values below and above 
neutrality, while oxygen was varied through complete immersion, wet-dry cycle, and using 
aerated solution. 3.5% NaCl solution was added to accelerate the corrosion process that lasted 
until 150 days. Corrosion depth was monitored and plotted according to the commonly used 
power relation, and statistical analysis was carried out to detect their difference. Within the 
scope of conditions used in this study, the following conclusions are drawn: 
(1) Corrosion depth increases as oxygen content increases or as pH decreases, consistent with 
the established theory on the kinetics of corroding metals. 
(2) High-Cr type WS showed advantageous reduction in corrosion depth when it is put 
continuously in chloride-containing water with abundant oxygen, while it is not 
remarkably different when oxygen is low. 
(3) High-Ni WS showed slight reduction of corrosion depth only under acidic and cyclic wet-
dry exposure, in agreement with its weathering application.  
(4) High-Ni and high-Cr WS did not reduce the corrosion depth in environment that remains 
continuously wet, is highly alkaline, or has low oxygen. The first item is explained by the 
fact that continuous immersion in chloride-containing water accelerates the corrosion 
process drastically, resulting to rust products that absorbs water. The rust particles, thus, 
tend to be expansive and easily separate from the steel substrate instead of the desirable 
adhering type. In a solution of high pH or low oxygen, corrosion rate is inhibited so that 
the desirable dense and uniform rust phase almost did not occur. Thus, the behavior of 
weathering steels becomes practically the same as ordinary carbon steel. 
(5) Previous studies complementing this work pointed that repetitive wetting and drying is an 
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Behavior of High-Nickel Type Weathering 
Steel Bars Embedded in Mortar under 




Although a study in simulated pore solution could give basic understanding on the 
behavior of weathering steels (WS) under alkaline and low-oxygen condition, there exist 
some notable differences present in cement-based environment. First and foremost, the 
steel bars in liquid phase are freely exposed to chloride from start until the end of the test. 
Thus, highly concentrated chloride ions are uniformly distributed in all directions of rebar 
surface with almost no oxygen present. It follows that surface conditions of different 
steels are also the same which may explain the small difference of adding Ni or Cr. On 
the other hand, different chloride and oxygen concentrations actually exist not only 
through cover depth, but also on surface of rebar because due to the presence of small 
pores. It is hypothesized that this condition may increase the possibility of chloride 
content near the rebar level to decrease as the rust grows and stabilizes. Secondly, the 
solution may not be a representative of actual cementitious material because only NaOH 
is present as a component, whereas cement is composed of many more alkali ions other 
than the sodium ion. Finally, rusts in bulk solution easily separate from the steel surface 
due to high water content and absence of confining effect; whereas cement has 
significantly lower moisture content and provides confinement. 
This chapter investigates the behavior of Ni-type weathering steel embedded in 
actual mortar specimens, extending the discussion made in liquid test from previous 
chapter. Mortar was used instead of concrete so that the influence of cement would be 
more pronounced.  
 
4.2. Materials 
4.2.1. Steel bars 
 The control specimen was a low-carbon steel wire with designation SWM-B in 
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JIS G 3532, and is defined as a general-purpose material for a wide range of uses such 
as reinforcing element in concrete. Its composition is based on SWRM 8 specified in JIS 
G 3505, which was the same plain carbon steel (PC) used in Basic Test (see Table 3-1). 
Other steels used are the same weathering steels employed in Solution Test, namely CT 
and NT, whose compositions are similarly listed in Table 3-1. The steels were in the form 
of bar shape with dimensions of 5 mm in diameter and 200 mm in length. 
 
4.2.2. Mortar  
 All mortars used are made of similar materials, as summarized in Table 4-1. The 
binder is an ordinary Portland cement conforming to JIS R 5210, while the fine aggregate 
is a standard sand specified in JIS R 5201. A water-cement ratio of 0.60 was selected on 
the basis of previous electrochemical1 and microstructural2 studies on mortars, which 
showed that this ratio produces a porosity that is just slightly lower than what is required 
for the microstructure of mortar to behave like a bulk solution. In this way, the transport 
of fluid is not large enough to resemble a liquid solution, and not low enough to hinder 



















4.2.3. Plastic mold  
Mortars were casted permanently in cylindrical plastic molds made up of rigid 
polyvinyl chloride pipe specified as VU150 under JIS K6741 standard. The pipes have 
nominal outer diameter of 165 mm and thickness of 5.1 mm. They were cut into 50-mm 
Table 4-1. Standard materials used for mixing the mortar. 
Material Properties Photograph 
Mixing water Tap water  
Cement 
Ordinary Portland cement  
(JIS R 5210) 
Density: 3.16 g/cm3 
Surface area: 3,250 cm2/g 
 
Fine aggregate 
Standard sand (JIS R 5201) 
Density: 2.61 g/cm3 




lengths and drilled with Ø6-mm holes mid-height of the pipes passing across their 
diametrical axis through which steel bars are to be inserted. The schematic layout of the 
samples are drawn in Fig. 4-1.  
The form height was selected to permit a cover of 22 mm. This depth is 
considered to be within the range of cover most influenced by wetting and drying action 
in cement-based-materials 3. Small corroding sites have also been demonstrated to be 
sufficiently detectable by half-cell potential mapping when steel is located at around such 













Figure 4-1. Mold configuration and nominal dimensions. 
 
 
4.3. Experimental Outline 
4.3.1. Experimental design 
 Based from the result derived from pore solution 5 and reports available in literature 
6,7, the formation of protective rust basically happens only under a specific set of 
requirements, namely, that moisture should be well drained or not be allowed to 
accumulate on metal surface, and existence of periodic drying 8,9. In principle, concrete 
and its related composites can be considered beneficial only to weathering steel when 
wetting and drying occurs 10. Fortunately, RC structures in service are actually designed 
to sustain fine tensile cracks so that the embedded metallic elements are mostly often 
under a slow process of wetting and drying. Thus, to increase the rate of supplying and 
draining of water, and for the purpose of permitting rapid chloride migration, the absence 
(case N) or presence of crack (case C) was considered in the present study. Hereafter, 
specimens will be designated according to the symbols set in Fig. 4-2. Mortars were 
casted for 60, 90 and 120 days of exposure time; with duplicate samples assigned to each 































Figure 4-2. Parameters and corresponding symbols used in Mortar test. 
 
 
A schematic sketch of the mortar specimen is illustrated in Fig. 4-3. A single, 
plain steel rod is inserted through the plastic mold showing about 20-mm protruding ends. 
These ends were completely coated with epoxy resin so that only a length of about 150-
mm within the mortar out of the total 200 mm is exposed to corrosion. For the 120-day 
specimens, one end was initially connected to a conducting wire using copper tape that 
will serve as positive terminal of the reference half-cell during potential measurement,. 
Then, this part was similarly covered with epoxy resin. Fig. 4-4 illustrates the way these 
procedures were actually made.  
There are advantages that comes with adapting the configuration illustrated in Fig. 
4-3. First, the permanent presence of plastic mold surrounding the mortar could restrict 
the transport of moisture to one direction only, i.e. vertically; thus, the rate of wetting and 
drying can be thought to occur uniformly over the mortar faces. Secondly, by inserting 
the steel bar through the pipe hole, we ensure that its position is firmly secured without 
the need for spacer, which makes the overall installation simpler.  
Before exposure, the crack widths on cracked mortars were measured to be in the 
range of 0.10 to 0.25 mm using crack scale. These values are practically small relative to 
the length of corroding area of steel. Thus, the influence of crack on corrosion degree has 
been assumed to be negligible in this study. The mold and mortar for all samples were 
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Figure 4-4. Detailed view of mortar molds and junctions. 
 
 
4.3.2. Specimen preparation  
The proportion used for mixing, together with the resultant physical properties of 
mortar in fresh and hardened state are given in Table 4-1. Mixing followed a step-wise 
procedure outlined in Fig. 4-5 using an automatic rotary mixer (model: 0.4kW TFO-KR 
4P, Hitachi Ltd., electric motor) with 20-liter capacity as shown. After the 4-minute 
mixing, fresh mortar were poured into the prepared molds in two layers with each layer 
rodded and lightly compacted. The surface of specimens were then covered by 
polyvinylidene chloride films to avoid excessive evaporation of water. Then, they were 









Table 4-2. Mortar mix proportions and physical properties. 
W/C 
S/C Unit weight 
(kg/m3) 
Flow Air Density  
(%)  W C S (mm) (%) (kg/m3) (MPa) 
60 3.0 290 484 1452 169 3.3 2,254 48.41 
60, and 90-day 
specimens (24 samples)
Both ends 









































Figure 4-5. Step-wise procedure of mortar mixing using a rotary mixer (right photo). 
 
 
Then, the specimens, with bottom forms removed, underwent moist-curing by 
wrapping them in wet cloth, and sealing in polyethylene bags under constant laboratory 
conditions of 20 ± 1°C and 60% RH for 28 days. After curing, crack was introduced to 
some of the specimens by applying a compressive load diametrically across their circular 
cross-section. The load was applied so that a single crack segment, extending over the 
entire depth of mortars, appears in the direction perpendicular to the axis of embedded 
steel 11.  
 
4.3.3. Exposure condition 
 Because weathering steels have been shown to develop the rust layer 
under periodic drying, only the wetting and drying scenario was employed. The samples 
are submitted to exposure immediately after cracking. Each cycle is composed of 3 days 
under complete immersion in 3.5% NaCl solution, followed by 4 days drying in closed 
room of constant temperature (20 ± 1°C) and relative humidity (60%), which lasted a 
total exposure period of 120 days. Within this period, the specimens were kept slightly 
elevated so that water and air freely circulates at the bottom surface of mortars. Lastly, 
the solution is replaced every month to maintain its salinity. The entire procedure from 
preparation to start of the test is presented in Fig. 4-6.  
















































Figure 4-6. Flow of experiment from the time of curing until the specimens are exposed to wetting and drying cycle. 
Moisture is checked and 
maintained weekly.
Rodding at 2 layers 
and slight tamping
Curing
20 ± 1oC. 60% 


































Maintained ≥ 25 mm above mortar
surface
Ensure elevated position
Closed chamber at 20 ± 1 °C and 60% 







4.3.4. Measurement methods 
(a) Half-cell potential 
To assess the corrosion development with time non-destructively, potential 
measurement was conducted following ASTM C876 12. The assembly is composed of a 
portable high-resistance voltmeter (model: HM-31P type, Toa-DKK Corp.), a reference 
half-cell made up of saturated copper/copper sulfate electrode (CSE), and steel embedded 
in mortar connected to an electric wire as the working electrode (see Fig. 4-7). 
Measurement is made immediately after the samples are lifted out of the solution after 



















Figure 4-7. Half-cell potential assembly showing detailed electrical continuity between 
the reference electrode, voltmeter and reinforced mortars. 
 
 
In making the half-cell potential measurement, the CSE electrode on top of a 
saturated sponge is placed over three adjacent points along the axis of steel in case of 
undamaged mortars; while it is placed only at two points at a distance of 1 to 5 mm from 
the crack segment in case of cracked mortars (see Fig. 4-8). The latter was done so that 
CSE electrode stands just next to the crack segment to avoid fluctuations of potential 
reading due to water percolating through the crack 13. Ecorr is then taken as the average of 






(should be nearly full at all times)
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where   = measurement number;  = number of measurements per sample (  = 2 for 














Figure 4-8. Measurement positions of reference electrode 
 
 
Every after drying, the surface of mortar is sufficiently pre-wetted using tap water 
for an amount of time that is required to obtain a stable voltage reading on the meter, as 
per ASTM C-876 12. The surfaces were brought to saturated-dry state by removing the 
excess water using wet cloth. On the other hand, every after wetting, the electrode was 
positioned after the impounding water was removed by damp cloth, and moisture on 
mortar surface appears uniform. Fig. 4-9 outlines the process flow of the wet-dry cycle, 
























Pre-wet surface with tap water.
Remove excess surface water so
that mortar appears saturated.
Measure the potential
Put sample into NaCl solution
Take-out sample from solution.
Remove impounding solution 
by damp cloth until saturated.
Measure the potential
































 (b) Rust coverage 
 After 90 and 120 days, the specimens were taken out of exposure room and 
broken using sledge hammer to recover the bars. Then, the portion of the bars within the 
mortar was covered with transparent adhesive tape to trace localized rust and stain 
coloration using a fine-tip marker. The tape was then detached and laid flat in a white 
paper background to be captured and analyzed in an image processing software. The 
coverage of rusted areas marked in the tape were expressed as a fraction of the original 
exposed area within the mortar. 
 
(c) Corrosion depth 
The rebar samples were then cleaned using a similar procedure applied in basic 
test 14. First, the samples were immersed in a cleaning solution, made by adding 200g of 
ferric ammonium citrate in water to make 1 liter of solution. Immersion lasted for 24 
hours in room temperature. Rust products that remained, were removed by light scraping. 
Finally, samples were rinsed in reagent acetone, and the corroded mass obtained. The 
depth of penetration as a result of removing the rust products was quantified from the 
mass loss through Eq. (4.2). This expression assumes that the damage is uniformly 
distributed over the surface area undergoing corrosion. While uniform corrosion is 
almost always not the case in chloride-induced corrosion, the depth obtained from Eq. 
(4.2) can be regarded as the theoretical average of all the localized pits that appeared over 




where   = thickness loss due to corrosion (μm); = mass of the original sample before 
exposure (g);  = final mass of original sample after they were cleaned from rust (g); 
 = average density of each steel type (g/cm3);  = exposed length of the bar, located 










4.4. Results and Discussion 
4.4.1. Influence of wet-dry cycle on Ecorr 
 Fig. 4-10 presents the result of half-cell potential (Ecorr) monitored through 120 
days of wet-dry cycle. The data are arranged according to the presence of crack. Error 
bars represent one standard deviation from the mean.  
Figure 4-10 indicates that potential dropped to values lower than -500 mV after 
the first wetting time. Thereafter, the potential barely changed until the end of the test 
regardless of steel type, which is likely attributed to the lack of significant corrosion. 
Furthermore, although Ecorr remains relatively constant with time, there is a striking 
pattern on its behavior, starting from more negative (lower) values after wetting then 
going to more positive (higher) after drying. This alternating behavior is related to the 
changes in moisture content of the mortar that controls the amount of oxygen accessing 
the rebar, as explained in the proceeding paragraphs. 
Polarization curve describes the behavior of anodic and cathodic reaction in terms 
of potential and current density (Fig. 4-11). Surfaces supporting the anodic reaction, 
usually represented by the dissolution of iron, have successively increasing potential as 
the rate of reaction increases. Whereas, those that support cathodic reaction, usually 
represented by reduction of dissolved oxygen in water, have decreasing potential as the 
rate of reaction speeds up. Both line intersects at a point that defines the corrosion 
potential (Ecorr) at y-axis and corrosion current density at x-axis. When the pore network 
of mortar is saturated, oxygen concentration decreases since gases are not easily 
dissolved in water. The intersection of the curves will correspond to a relatively lower 
Ecorr. But when mortar undergoes drying, oxygen content increases and cathodic reaction 
shifts towards slightly higher values, intersecting the same anodic line at higher Ecorr than 
the previous one. Repeating this process would in turn give a periodic drop and rise of 
potential going from wetting to drying period.  
It is also worthy to note that the periodic change of Ecorr from low to high values 
as a result of alternating wetting and drying is more pronounced in cracked mortar. This 
behavior is caused by the fact oxygen can penetrate the material quite easily in the 






































Figure 4-10. Change of half-cell potential (Ecorr) with time arranged according presence 
and absence of crack. Shaded areas correspond to wetting time, while white areas 
correspond to drying time. Limits of corrosion probability based on ASTM C876 criteria 
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Figure 4-11. Behavior of polarization curve explaining the influence of wetting and 
drying on Ecorr. 
 
 
4.4.2. Influence of crack on Ecorr 
 The influence of crack on Ecorr is readily provide in Fig. 4-10. The values of Ecorr 
from cracked mortars are strikingly similar to those in undamaged mortars. The same is 
true regardless of steel type. It can be inferred that limited amount of oxygen and chloride 
has reached the rebar level within the time and crack width used in this study. As a result, 
the shift of cathodic reaction towards higher current density was limited, so that the 
corresponding potential also did not change significantly. This is described by the 









Figure 4-12. Behavior of polarization curve explaining the influence of crack on Ecorr. 
 
 
4.4.3. Influence of steel type on Ecorr 
The trend of Ecorr arranged according to steel type is presented in Fig. 4-13. Note 
that the x-axis was changed into logarithmic scale to amplify the effect of time. Values 
can be observed to fluctuate within -200 to -600 mV, corresponding to the range of 













































appears to show moderate change on the absolute values of Ecorr, bringing those of PC 
lower than -700 mV and that of CT higher than -200 mV. However, any changes of Ecorr 
to extreme values may have been caused only by the variation of moisture content in the 
pore structure of mortar and not necessarily by the corrosion activity of steels since, as 
explained above, the degree of saturation can also influence the potential value. 
Additionally, these changes were neither remarkable nor consistent throughout the entire 


























Figure 4-13. Change of Ecorr with time arranged according to steel type. Limits of 
corrosion probability based on ASTM C876 criteria are indicated. 
 
 






















































4.4.4. Surface condition 
Fig. 4-14(a) shows the actual state of different steel bars after 90 and 120 days of 
wet-dry cycle. As observed, all the steels present similar surface condition, containing 
only few localized rust and some coloration due to rust stains. These rusts were detected 
to cover only a small portion of the steel surfaces at less than 5 % (Fig. 4-14(b)). Clearly, 
no severe corrosion has occurred and the difference between the values can be considered 
insignificant. This is attributed to the fact that in an environment of high pH and low 
oxygen, the corrosion process of steel is restricted. Consequently, instead of uniform 
layer, localized rust tend to form regardless of steel composition within the period of wet-
dry cycle considered in this study.  
Relating the values of Ecorr and actual degrees of damage, given by corroded area 
and corrosion rate, yield negligible correlation between the parameters, as shown in Fig. 
4-15. It was expected since the values of Ecorr lies mainly within the uncertain range, and 
remains nearly constant with time, as already pointed out in Sec. 4.4.1. This lack of 
correlation, and the fact that the parameter lies within uncertain and 90% corrosion risk, 






















Figure 4-14. (a) Surface morphology, and (b) rust stain coverage of steel bars in 
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Figure 4-15. Relationship of Ecorr with average corrosion rate (obtained by dividing the 
corrosion depth based on mass loss by exposed time) and rust stain coverage. 
 
 
4.4.5. Corrosion depth 
 Fig. 4-16 presents the result of corrosion depth after 120 days after applying Eq. 
(4.2). Note that these data are derived from the full length of the steel bars. When 
recovered from mortars, the bars actually showed significant rusting only at their 
endpoints, portions covered with epoxy resin. This means that the data in Fig. 4-16 is 
based primarily on the corrosion depth outside of the mortar, which is not correct because 
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Figure 4-17. Details of cutting the bars to lengths within the mortar. 
 
 
To consider only the area embedded in mortar, Eq. (4.2) was modified by cutting 
the ends of the bars, retaining only a length of about 140 mm, as described in Fig. 4-17. 
Then, the actual length and mass of newly cut bars were measured, and Eq. (4.3) is 
applied as the true estimate of corrosion depth. The whole expression similarly assumes 
that thickness loss is uniform over an exposed area, which in this case is the lateral 
surface area of the newly cut bar. Such assumption is reasonable for comparison purposes. 
The result of analysis is presented in Fig. 4-18. 
 
 
where  = average thickness loss due to corrosion of the steel bars inside the mortar 
(μm); = initial mass of original length (g);  = actual length after cutting (mm);  
= original length before cutting;  = final mass of the cut length (g);  = average 





After cutting  Before cutting  
Lc 140 mm, mfc
Target area
Rust happened mainly outside the mortar
Lm 150 mm















Figure 4-18. Change of corrosion depth with time. Error bars represent one standard 
deviation from the mean. 
 
 
First, it can be observed that the behavior of steels in cracked and uncracked 
mortars are almost similar, consistent with the result of corrosion potential. This was 
again due to limited amount of oxygen and chloride that reached the rebar surface, 
causing small variation in corrosion depth at the end of the test. 
Additionally, even after correction NT remains slightly higher than other types in 
terms of corrosion depth. Fig. 4-19(a) was prepared to compare these data with those 
obtained in IM-B case (permanent immersion in alkaline solution) of the liquid test 
because the steel bars appear to have similar surface conditions throughout the entire test 









































































































Figure 4-19. (a) Comparison of average corrosion depths in IM-B case (solution 
containing 3.5% NaCl and NaOH with pH = 13.1) and mortars; (b) surface conditions of 
steels in mortar and liquid phase; (c) schematic illustration of ionic distributions near the 
rebar level in liquid and mortar phase. 
 
 
It becomes apparent that the sequence of steel type is not consistent from solution 
to mortar. That is, corrosion depth in mortar is arranged from highest to lowest as NT > 
PC ≥ CT, while the difference is not as apparent in liquid phase. This difference results 
from different ionic distribution present in the each phase, as schematically illustrated in 
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the rebar level. As a result, corrosion gets deeper and larger, reducing the effect of added 
elements. Meanwhile, chloride, moisture and oxygen exist only in pores and 
discontinuities present in steel-mortar interface. Because of these local sites, corrosion 
becomes more localized, and thus, the effect of added elements becomes more 
pronounced in mortar. From the above discussions, it appears, therefore, that Ni-type WS 
is relatively susceptible to penetration when rust is still developing and only covers small 
areas. Localized corrosion occurs when anodic areas, where metal dissolution takes place, 
is small relative to cathodic areas, which in this case are those regions below the mortar 
or in the vicinity of dissolved oxygen. Ni, as an element, is known to be more cathodic, 
i.e. has greater tendency to gain electron, than Fe or Cr. So, the inclusion of Ni is thought 
to increase the cathodic areas and, therefore, enhance the rate of cathodic reaction 
initially provided by dissolved oxygen. Therefore, an improvement of localized 
penetration in NT is probably caused by slightly higher rate of iron release in active 
(anodic) areas as it balances the increase of said cathodic reaction (Fig. 4-19(c)). 
Complementary studies derived from atmospheric settings have also shown that localized 
depths on WS appear in greater number at early stage 15,16. 
However, it should be noted that rusts that formed were only few and localized. 
The computed values of corrosion depths, as depicted in Fig. 4-19(a), were merely less 
than 30 μm, which is deemed significantly small relative to the values when rust is fully 
grown and uniform. It follows that the behavior of high-Ni type WS bars in mortar may 
still be considered practically the same as those of conventional steels. 
Furthermore, since corrosion are still localized, the result presented in this study 
does not take into account the fact that in real corroding structures, rust covers much 
larger areas. It should also be noted that Ni-type WS obtains its resistance from the 
appearance of a dense and uniform rust layer. It is possible that that the initially high 
penetration in NT may stabilize as the protective rust appears after a sufficient period has 
passed. Since a uniform layer has not yet formed within the period and scope of 
conditions considered in this study, the decrease in corrosion curve by Ni addition could 
not be established as of this time. In the future, the possibility of forming the protective 







4.5. Summary and Conclusion 
In this chapter, the durability of high-Ni WS was assessed by embedding a series 
of steel samples in cylindrical mortar, to extend the observations made in simulated 
solution. The mortars were reinforced laterally with different steel types, including high-
Cr WS and ordinary carbon steel. They were then subjected to wet-dry cycle in 3.5% 
NaCl solution, which lasted until 120 days. Based from the results, the following 
conclusions are drawn: 
(1) Corrosion potential can give a general information on the changes of moisture 
content inside a reinforced concrete. The changes are observable in the form of 
periodic increase and decrease as a result of wetting and drying. 
(2) Half-cell potential (Ecorr) remains relatively constant until the end of the test with 
values falling mainly within uncertain and 90% corrosion probability. This was the 
case regardless of steel type and whether crack is present or not, which was 
attributed to the lack active corrosion. After retrieval, all steel bars contained only 
few corroded areas, confirming that corrosion was indeed inhibited. 
(3) Ecorr is not correlated with rusted area and depth of penetration because the values 
of Ecorr almost always lie within uncertain and 90% corrosion risk. This result is in 
agreement with the negligible corrosion activity observed on the steel bars. 
(4) The values of Ecorr and rust coverage suggest no remarkable difference between the 
steel types. However, the trend of corrosion depth reveals that Ni-type WS bars 
actually sustained slightly higher penetration. While this difference is obvious in 
mortar, it was not as apparent in liquid phase. The inconsistency may be caused by 
the difference in chloride ion distribution present in each phase. 
(5) In an environment of high pH and low oxygen, corrosion process is significantly 
reduced regardless of steel composition. Consequently, only localized rust has 
formed after 120 days of wet-dry cycle. Ni-type WS was found to be relatively 
susceptible to penetration when rust is still localized. However, the amount can be 
considered insignificant considering that only few and uneven rust products have 
formed.  Thus, within the period considered in this study, the difference in behavior 
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5.1. Summary of Results in Simulated Pore Solution 
This chapter involved subjecting a series of steel bars over a 5-month exposure 
period in liquid phase that simulates the content of oxygen and alkalinity inside a 
concrete experiencing chloride attack.  The main index of durability used is the average 
penetration computed from the difference of original and residual weights after cleaning 
the corrosion products on the designated exposure time. In summary, high oxygen 
content was found to reduce the corrosion depth of Cr-type weathering steel (WS) 
compared to other types. On the other hand, high-Ni WS was only found to be beneficial 
in the presence of acidic electrolyte and drying regime, further confirming its weathering 
resistance. However, Ni-type WS showed no clear difference relative to conventional 
steels when it is continuously ponded, and under an environment that is highly alkaline 
or has very low oxygen. The first item is explained by the fact that continuous immersion 
in chloride-containing water accelerates the corrosion process drastically, resulting to 
corrosion products that absorbs water. Rust layer, thus, tend to be expansive and easily 
separate from the steel substrate instead turning into the desirable adhering type. In a 
solution of high pH or low oxygen, corrosion rate is very slow so that only localized rust 
has formed. Thus, penetration sustained by ordinary carbon steel would also be impeded 
and, thus, the behavior of weathering steels would become practically similar. Finally, it 
is emphasized that the presence of drying, or conditions that expels accumulated surface 
water, is a principal requirement for the protective rust phase to occur.  
 
5.2. Summary of Results in mortar 
In this chapter, the durability of high-Ni WS was assessed by embedding a series 
of steel samples in cylindrical mortars and exposing them to 3-days wetting and 4-days 
drying in 3.5% NaCl solution until 120 days. Results indicate that corrosion potential 
(Eorr) of embedded steels decreases (more negative) during wetting, while it increases 
(more positive) during drying, consistent with the respective decrease and increase of 
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oxygen penetrating the mortars. Oxygen can easily penetrate the mortar in the presence 
of crack. Thus, the change of potential from low to high values due to wet-dry cycle is 
more pronounced for cracked than for uncracked mortars. With this considerations, half-
cell potential technique is an effective method to monitor the changes of moisture content 
inside a reinforced concrete. 
Moreover, Ecorr was observed to remain almost constant until the end of the test, 
with values falling mainly within uncertain and 90% corrosion probability. This was the 
case regardless of steel type and whether crack is present or not, which was attributed to 
lack of active corrosion.  After retrieval, all steel types contain only few corroded areas 
confirming that corrosion was indeed inhibited. Thus, steel type seems to have no 
remarkable influence based on the values of Ecorr and rusted area. However, the trend of 
corrosion depths reveals that high-Ni type WS bars actually sustained slightly higher 
penetration than other types. While this difference is obvious in mortar, it is not as 
apparent in liquid phase. This is thought to be due to high amount of chloride ions 
continuously in contact with steel bars in liquid phase. This leads to deeper penetration, 
which reduces the effect of added elements. It appears, therefore, that Ni-type WS is 
relatively more susceptible to corrosion when rust is still localized and only covers small 
areas. However, the amount was only slightly different from other types, and is not 
significant considering that only few and uneven rusts have formed.  
It must be noted that the protective ability of weathering steels arises from 
formation of a uniform rust layer with dense structure. Cr and Ni-addition are known to 
stabilize this layer, reducing the concentration of Cl– near steel surface, and significantly 
lowering the corrosion depth than carbon steel. Conditions inside the mortar or concrete, 
which are characterized by high pH and low oxygen, reduces the corrosion rate 
significantly. As a result, rusts that formed after 120 days were still few and localized. 
Thus, the difference in behavior of high-Ni type WS bars in mortar from those of 
conventional types remains unclear within the period and conditions considered in this 
study. In the future, the possibility of forming the uniform rust layer by using much 








5.3. Direction of Future Research 
 Within the limits of conditions used in this study, the process of corrosion is reduced 
for all steel types. The improvement by Ni-type weathering steel could not be established 
as of this time because only localized rust has formed. It is also not possible to identify 
the quality and composition of rust products that formed due to their insufficient amount.  
However, if the layer does form, based from existing literature, Ni is known to alter the 
corrosion process, which makes the layer dense and tightly adhering at later stage. Thus, 
the initially high corrosion rate on Ni-type weathering steel will possibly slow down with 
longer exposure time, until it reaches the level below those of conventional types. This 
was not observed at present due to reasons discussed above. 
 Based from the above hypothesis, the next stage of this investigation should focus 
on achieving the conditions necessary to develop the protective rust layer by modifying 
the concrete side. The following points are recommended to consider in the future to 
advance the findings of this study: 
1) Increase the time of exposure, preferably up to several year. 
2) Introduce chloride inside the concrete (as mixing water), as well as outside (as 
exposure medium) at incremental concentration. 
3) Study the influence of increasing crack width or other means that improves the path 
for chloride to reach the rebar level efficiently. 
4) It is well accepted that the potential gradient, rather than the absolute value of 
corrosion potential is an indicator of a corroding bar. In this study, it is not possible 
to map the actual distribution of potential because the size of specimens used were 
small. In the future, it is essential to consider using larger specimen size, and monitor 
the mean and variance of potential measured from a single specimen through time. 
The predicting capability of half-cell potential method to monitor rust growth may 
be drastically improved in this way. 
5) In this study, the use of average corrosion depth from mass loss assumes that the 
damage is uniform over the exposed area of steels. Alternatively, it may be possible 
to measure the actual depth of penetration by using microscope in the future, from 
which the average corrosion depth based on mass loss can be compared. In this study, 
it is difficult to identify a certain area in the corroded bars that will serve as the 
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baseline from which other depths can be measured. So in the future, a certain portion 
of the steel bars may be covered sufficiently so that no corrosion will occur, which 
can be used as a reference surface. 
6) Consider pre-exposing weathering steel bars into atmospheric condition before 
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APPENDIX 1. Macro-morphologies of steel bars in Pore Solution 
1.1. Continuous immersion (IM) 
Series Period (days) 
IM_N_PC 
 
   




   




   




   




   




   
















1.2. Long frequency wet-dry cycle: 7 days wetting, 7 days drying (LF) 
 
Series Period (days) 
LF_N_PC 
 
   




   




   




   




   




   
















1.3. Short-frequency wet-dry cycle: 3 days wetting, 4 days drying (SF) 
 
Series Exposure period (days) 
SF_N_PC 
 
   




   




   




   




   




   
















1.4. Continuous aeration of liquid (AE) 
 
Series Exposure period (days) 
AE_N_PC 
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APPENDIX 3. Rust coverage of steel bars in Mortar Test. 
Steel Trial 
No Crack (N) 
90 days 120 days 
PC 
















 Cracked (C) 
PC 






















Acorr Aexp pcorr Acorr Aexp pcorr 
(cm2) (cm2) (%) (cm2) (cm2) (%) 
PC-90 (1) 0.000 29.044 0.000 0.000 29.007 0.000 
PC-90 (2) 0.785 29.072 2.702 1.436 28.922 4.965 
CT-90 (1) 0.204 24.057 0.848 0.000 24.045 0.000 
CT-90(2) 0.260 24.022 1.082 0.262 24.033 1.088 
NT-90 (1) 0.095 24.123 0.394 0.000 24.111 0.000 
NT-90 (2) 0.253 24.026 1.051 0.220 24.139 0.913 
PC-120 (1) 0.661 28.941 2.282 0.401 28.927 1.385 
PC-120 (2) 0.474 28.917 1.638 0.971 28.908 3.357 
CT-120 (1) 0.328 24.151 1.359 0.405 24.119 1.678 
CT-120(2) 0.000 24.096 0.000 0.275 24.111 1.139 
NT-120 (1) 0.000 24.037 0.000 0.052 24.057 0.215 
NT-120 (2) 0.223 24.104 0.924 0.361 24.096 1.497 
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Conditions Retrieval date Time Lact Lcom mi mf ρ Δm d 
Oxygen content pH Steel Type (mm/dd/yy hh:mm) (days) (mm) (mm) (g) (g) (g/cm3) (g) (μm) 
IM-N-PC-1 Continuous immersion Acidic Plain carbon steel 01/11/18 2:38 PM 14.81 49.40 49.19 7.413 7.389 7.643 0.024 3.90 
IM-N-PC-2 Continuous immersion Acidic Plain carbon steel 01/18/18 1:00 PM 21.74 50.25 50.35 7.589 7.52 7.691 0.069 10.78 
IM-N-PC-3 Continuous immersion Acidic Plain carbon steel 01/29/18 1:57 PM 32.78 50.48 50.25 7.573 7.485 7.640 0.088 13.79 
IM-N-PC-4 Continuous immersion Acidic Plain carbon steel 02/27/18 1:28 PM 61.76 49.35 49.12 7.403 7.302 7.640 0.101 16.28 
IM-N-PC-5 Continuous immersion Acidic Plain carbon steel 03/29/18 12:32 PM 91.72 50.85 50.95 7.679 7.536 7.691 0.143 22.14 
IM-N-PC-6 Continuous immersion Acidic Plain carbon steel 04/28/18 12:30 PM 121.72 49.45 49.57 7.471 7.265 7.695 0.206 32.86 
IM-N-PC-7 Continuous immersion Acidic Plain carbon steel 05/28/18 1:59 PM 151.78 50.40 50.48 7.609 7.352 7.689 0.257 40.18 
IM-N-CT-1 Continuous immersion Acidic Cr-type WS 01/11/18 2:37 PM 14.80 49.52 49.70 7.508 7.475 7.722 0.033 5.18 
IM-N-CT-2 Continuous immersion Acidic Cr-type WS 01/18/18 12:57 PM 21.74 49.85 50.11 7.570 7.5 7.734 0.070 10.96 
IM-N-CT-3 Continuous immersion Acidic Cr-type WS 01/29/18 1:59 PM 32.78 49.25 49.07 7.413 7.299 7.665 0.114 18.24 
IM-N-CT-4 Continuous immersion Acidic Cr-type WS 02/27/18 1:30 PM 61.76 49.68 49.83 7.528 7.394 7.717 0.134 21.24 
IM-N-CT-5 Continuous immersion Acidic Cr-type WS 03/29/18 12:32 PM 91.72 49.65 49.85 7.531 7.348 7.725 0.183 28.87 
IM-N-CT-6 Continuous immersion Acidic Cr-type WS 04/28/18 12:30 PM 121.72 50.17 50.36 7.608 7.364 7.723 0.244 38.14 
IM-N-CT-7 Continuous immersion Acidic Cr-type WS 05/28/18 1:59 PM 151.78 50.52 50.71 7.660 7.315 7.723 0.345 53.70 
IM-N-NT-1 Continuous immersion Acidic Ni-type WS 01/11/18 2:35 PM 14.80 49.00 48.82 7.413 7.372 7.705 0.041 6.52 
IM-N-NT-2 Continuous immersion Acidic Ni-type WS 01/18/18 12:56 PM 21.73 50.10 50.18 7.620 7.551 7.747 0.069 10.83 
IM-N-NT-3 Continuous immersion Acidic Ni-type WS 01/29/18 2:00 PM 32.78 49.75 49.99 7.591 7.487 7.771 0.104 16.31 
IM-N-NT-4 Continuous immersion Acidic Ni-type WS 02/27/18 1:31 PM 61.76 50.15 50.25 7.630 7.493 7.749 0.137 21.43 
IM-N-NT-5 Continuous immersion Acidic Ni-type WS 03/29/18 12:28 PM 91.72 49.47 49.70 7.547 7.328 7.771 0.219 34.59 
IM-N-NT-6 Continuous immersion Acidic Ni-type WS 04/28/18 12:30 PM 121.72 49.25 49.18 7.468 7.225 7.722 0.243 38.65 
IM-N-NT-7 Continuous immersion Acidic Ni-type WS 05/28/18 1:59 PM 151.78 49.75 49.67 7.543 7.254 7.722 0.289 45.60 
IM-B-PC-1 Continuous immersion Basic Plain carbon steel 01/11/18 2:40 PM 14.81 49.90 50.05 7.544 7.522 7.700 0.022 3.47 
IM-B-PC-2 Continuous immersion Basic Plain carbon steel 01/18/18 1:03 PM 21.74 49.88 49.76 7.499 7.461 7.656 0.038 6.03 
IM-B-PC-3 Continuous immersion Basic Plain carbon steel 01/29/18 2:01 PM 32.78 49.55 49.72 7.494 7.398 7.702 0.096 15.19 
IM-B-PC-4 Continuous immersion Basic Plain carbon steel 02/27/18 1:32 PM 61.76 49.25 49.02 7.388 7.298 7.640 0.090 14.44 
IM-B-PC-5 Continuous immersion Basic Plain carbon steel 03/29/18 12:28 PM 91.72 49.20 49.04 7.392 7.301 7.652 0.091 14.59 
IM-B-PC-6 Continuous immersion Basic Plain carbon steel 04/28/18 12:27 PM 121.71 49.90 49.95 7.529 7.375 7.684 0.154 24.30 





Conditions Retrieval date Time Lact Lcom mi ρ mf Δm d 
Oxygen content pH Steel type (mm/dd/yy hh:mm) (days) (mm) (mm) (g) (g/cm3) (g) (g) (μm) 
IM-B-CT-1 Continuous immersion Basic Cr-type WS 01/11/18 2:39 PM 14.81 48.85 49.00 7.402 7.717 7.385 0.017 2.73 
IM-B-CT-2 Continuous immersion Basic Cr-type WS 01/18/18 1:02 PM 21.74 49.15 49.30 7.447 7.717 7.396 0.051 8.20 
IM-B-CT-3 Continuous immersion Basic Cr-type WS 01/29/18 2:02 PM 32.78 50.65 50.75 7.667 7.709 7.592 0.075 11.65 
IM-B-CT-4 Continuous immersion Basic Cr-type WS 02/27/18 1:33 PM 61.76 50.12 49.80 7.523 7.645 7.433 0.090 14.29 
IM-B-CT-5 Continuous immersion Basic Cr-type WS 03/29/18 12:32 PM 91.72 49.68 49.61 7.494 7.682 7.346 0.148 23.50 
IM-B-CT-6 Continuous immersion Basic Cr-type WS 04/28/18 12:27 PM 121.71 50.60 50.42 7.617 7.667 7.426 0.191 29.86 
IM-B-CT-7 Continuous immersion Basic Cr-type WS 05/28/18 1:58 PM 151.78 49.35 49.05 7.410 7.648 7.23 0.180 28.94 
IM-B-NT-1 Continuous immersion Basic Ni-type WS 01/11/18 2:41 PM 14.81 49.47 49.21 7.473 7.694 7.445 0.028 4.40 
IM-B-NT-2 Continuous immersion Basic Ni-type WS 01/18/18 1:04 PM 21.74 50.20 50.37 7.649 7.760 7.593 0.056 8.72 
IM-B-NT-3 Continuous immersion Basic Ni-type WS 01/29/18 2:03 PM 32.78 49.92 49.96 7.587 7.741 7.501 0.086 13.49 
IM-B-NT-4 Continuous immersion Basic Ni-type WS 02/27/18 1:34 PM 61.76 50.08 50.13 7.612 7.741 7.517 0.095 14.86 
IM-B-NT-5 Continuous immersion Basic Ni-type WS 03/29/18 12:28 PM 91.72 49.35 49.12 7.459 7.698 7.328 0.131 20.89 
IM-B-NT-6 Continuous immersion Basic Ni-type WS 04/28/18 12:27 PM 121.71 49.72 49.61 7.533 7.717 7.364 0.169 26.70 
IM-B-NT-7 Continuous immersion Basic Ni-type WS 05/28/18 1:58 PM 151.78 50.17 49.95 7.586 7.701 7.379 0.207 32.43 
LF-N-PC-1 7-days wet, 7-days dry Acidic Plain carbon steel 01/11/18 2:23 PM 14.80 50.75 50.86 7.666 7.693 7.636 0.030 4.66 
LF-N-PC-2 7-days wet, 7-days dry Acidic Plain carbon steel 01/18/18 1:19 PM 21.75 51.40 51.53 7.766 7.695 7.689 0.077 11.87 
LF-N-PC-3 7-days wet, 7-days dry Acidic Plain carbon steel 01/29/18 2:12 PM 32.79 50.25 50.32 7.584 7.686 7.463 0.121 18.95 
LF-N-PC-4 7-days wet, 7-days dry Acidic Plain carbon steel 02/27/18 1:47 PM 61.77 50.32 50.42 7.599 7.692 7.267 0.332 52.03 
LF-N-PC-5 7-days wet, 7-days dry Acidic Plain carbon steel 03/29/18 12:41 PM 91.72 50.60 50.39 7.595 7.644 6.999 0.596 93.45 
LF-N-PC-6 7-days wet, 7-days dry Acidic Plain carbon steel 04/28/18 12:41 PM 121.72 49.10 49.15 7.407 7.683 6.452 0.955 153.36 
LF-N-PC-7 7-days wet, 7-days dry Acidic Plain carbon steel 05/28/18 1:55 PM 151.78 50.05 50.08 7.547 7.680 6.403 1.144 180.51 
LF-N-CT-1 7-days wet, 7-days dry Acidic Cr-type WS 01/11/18 2:22 PM 14.79 49.65 49.40 7.463 7.656 7.431 0.032 5.15 
LF-N-CT-2 7-days wet, 7-days dry Acidic Cr-type WS 01/18/18 1:23 PM 21.75 50.05 50.06 7.562 7.695 7.482 0.080 12.59 
LF-N-CT-3 7-days wet, 7-days dry Acidic Cr-type WS 01/29/18 2:13 PM 32.79 49.30 49.09 7.416 7.661 7.264 0.152 24.38 
LF-N-CT-4 7-days wet, 7-days dry Acidic Cr-type WS 02/27/18 1:47 PM 61.77 50.00 50.20 7.583 7.724 7.217 0.366 57.47 
LF-N-CT-5 7-days wet, 7-days dry Acidic Cr-type WS 03/29/18 12:41 PM 91.72 48.92 48.74 7.363 7.666 6.635 0.728 117.56 
LF-N-CT-6 7-days wet, 7-days dry Acidic Cr-type WS 04/28/18 12:41 PM 121.72 50.25 50.30 7.599 7.702 6.528 1.071 167.88 









Conditions Retrieval date Time Lact Lcom mi ρ mf Δm d 
Oxygen content pH Steel type (mm/dd/yy hh:mm) (days) (mm) (mm) (g) (g/cm3) (g) (g) (μm) 
LF-N-NT-1 7-days wet, 7-days dry Acidic Ni-type WS 01/11/18 2:20 PM 14.79 49.52 49.40 7.502 7.716 7.47 0.032 5.02 
LF-N-NT-2 7-days wet, 7-days dry Acidic Ni-type WS 01/18/18 1:25 PM 21.75 49.50 49.64 7.537 7.755 7.445 0.092 14.58 
LF-N-NT-3 7-days wet, 7-days dry Acidic Ni-type WS 01/29/18 2:14 PM 32.79 50.25 50.44 7.660 7.764 7.51 0.150 23.32 
LF-N-NT-4 7-days wet, 7-days dry Acidic Ni-type WS 02/27/18 1:47 PM 61.77 49.15 48.96 7.434 7.704 7.123 0.311 49.80 
LF-N-NT-5 7-days wet, 7-days dry Acidic Ni-type WS 03/29/18 12:41 PM 91.72 50.10 50.38 7.651 7.778 7.015 0.636 99.00 
LF-N-NT-6 7-days wet, 7-days dry Acidic Ni-type WS 04/28/18 12:41 PM 121.72 49.65 49.65 7.539 7.733 6.672 0.867 136.86 
LF-N-NT-7 7-days wet, 7-days dry Acidic Ni-type WS 05/28/18 1:55 PM 151.78 49.85 50.01 7.595 7.759 6.552 1.043 163.44 
LF-B-PC-1 7-days wet, 7-days dry Basic Plain carbon steel 01/11/18 2:26 PM 14.80 50.98 51.03 7.691 7.683 7.661 0.030 4.65 
LF-B-PC-2 7-days wet, 7-days dry Basic Plain carbon steel 01/18/18 1:26 PM 21.76 51.60 51.49 7.761 7.660 7.663 0.098 15.05 
LF-B-PC-3 7-days wet, 7-days dry Basic Plain carbon steel 01/29/18 2:14 PM 32.79 50.95 50.94 7.678 7.675 7.576 0.102 15.83 
LF-B-PC-4 7-days wet, 7-days dry Basic Plain carbon steel 02/27/18 1:44 PM 61.77 51.18 51.20 7.717 7.679 7.599 0.118 18.27 
LF-B-PC-5 7-days wet, 7-days dry Basic Plain carbon steel 03/29/18 12:41 PM 91.72 50.70 50.74 7.647 7.681 7.485 0.162 25.19 
LF-B-PC-6 7-days wet, 7-days dry Basic Plain carbon steel 04/28/18 12:41 PM 121.72 49.98 50.27 7.576 7.719 7.382 0.194 30.49 
LF-B-PC-7 7-days wet, 7-days dry Basic Plain carbon steel 05/28/18 1:55 PM 151.78 50.85 50.82 7.659 7.671 7.482 0.177 27.48 
LF-B-CT-1 7-days wet, 7-days dry Basic Cr-type WS 01/11/18 2:25 PM 14.80 49.30 49.18 7.430 7.676 7.414 0.016 2.56 
LF-B-CT-2 7-days wet, 7-days dry Basic Cr-type WS 01/18/18 1:24 PM 21.75 50.13 50.24 7.589 7.710 7.555 0.034 5.33 
LF-B-CT-3 7-days wet, 7-days dry Basic Cr-type WS 01/29/18 2:15 PM 32.79 49.80 50.05 7.561 7.732 7.47 0.091 14.28 
LF-B-CT-4 7-days wet, 7-days dry Basic Cr-type WS 02/27/18 1:44 PM 61.77 49.75 49.88 7.535 7.714 7.449 0.086 13.59 
LF-B-CT-5 7-days wet, 7-days dry Basic Cr-type WS 03/29/18 12:41 PM 91.72 49.10 48.93 7.392 7.667 7.273 0.119 19.09 
LF-B-CT-6 7-days wet, 7-days dry Basic Cr-type WS 04/28/18 12:41 PM 121.72 49.85 49.90 7.538 7.701 7.375 0.163 25.69 
LF-B-CT-7 7-days wet, 7-days dry Basic Cr-type WS 05/28/18 1:55 PM 151.78 49.48 49.33 7.452 7.670 7.28 0.172 27.51 
LF-B-NT-1 7-days wet, 7-days dry Basic Ni-type WS 01/11/18 2:25 PM 14.80 49.80 50.03 7.598 7.770 7.573 0.025 3.87 
LF-B-NT-2 7-days wet, 7-days dry Basic Ni-type WS 01/18/18 1:26 PM 21.76 49.38 49.25 7.479 7.713 7.439 0.040 6.31 
LF-B-NT-3 7-days wet, 7-days dry Basic Ni-type WS 01/29/18 2:16 PM 32.79 49.50 49.66 7.541 7.758 7.464 0.077 12.10 
LF-B-NT-4 7-days wet, 7-days dry Basic Ni-type WS 02/27/18 1:44 PM 61.77 49.00 48.89 7.425 7.717 7.338 0.087 13.88 
LF-B-NT-5 7-days wet, 7-days dry Basic Ni-type WS 03/29/18 12:41 PM 91.72 49.50 49.49 7.515 7.732 7.415 0.100 15.83 
LF-B-NT-6 7-days wet, 7-days dry Basic Ni-type WS 04/28/18 12:41 PM 121.72 48.90 48.83 7.415 7.723 7.256 0.159 25.50 








Conditions Retrieval date Time Lact Lcom mi ρ mf Δm d 
Oxygen content pH Steel type (mm/dd/yy hh:mm) (days) (mm) (mm) (g) (g/cm3) (g) (g) (μm) 
SF-N-PC-1 3-days wet, 4-days dry Acidic Plain carbon steel 01/11/18 2:34 PM 14.80 50.05 50.17 7.561 7.694 7.506 0.055 8.66 
SF-N-PC-2 3-days wet, 4-days dry Acidic Plain carbon steel 01/18/18 12:50 PM 21.73 49.93 50.14 7.557 7.708 7.452 0.105 16.59 
SF-N-PC-3 3-days wet, 4-days dry Acidic Plain carbon steel 01/29/18 2:21 PM 32.79 47.95 47.88 7.216 7.664 7.039 0.177 29.14 
SF-N-PC-4 3-days wet, 4-days dry Acidic Plain carbon steel 02/27/18 1:48 PM 61.77 48.80 48.61 7.326 7.645 6.776 0.550 89.20 
SF-N-PC-5 3-days wet, 4-days dry Acidic Plain carbon steel 03/29/18 12:23 PM 91.71 50.10 50.36 7.589 7.715 6.876 0.713 111.93 
SF-N-PC-6 3-days wet, 4-days dry Acidic Plain carbon steel 04/28/18 12:25 PM 121.71 49.85 50.14 7.557 7.720 6.586 0.971 152.94 
SF-N-PC-7 3-days wet, 4-days dry Acidic Plain carbon steel 05/28/18 1:57 PM 151.78 49.08 48.89 7.368 7.645 5.944 1.424 229.83 
SF-N-CT-1 3-days wet, 4-days dry Acidic Cr-type WS 01/11/18 2:33 PM 14.80 50.45 50.79 7.673 7.746 7.62 0.053 8.18 
SF-N-CT-2 3-days wet, 4-days dry Acidic Cr-type WS 01/18/18 12:49 PM 21.73 50.40 50.47 7.624 7.704 7.506 0.118 18.38 
SF-N-CT-3 3-days wet, 4-days dry Acidic Cr-type WS 01/29/18 2:19 PM 32.79 48.55 48.45 7.319 7.677 7.124 0.195 31.62 
SF-N-CT-4 3-days wet, 4-days dry Acidic Cr-type WS 02/27/18 1:49 PM 61.77 49.63 49.25 7.440 7.634 6.836 0.604 96.58 
SF-N-CT-5 3-days wet, 4-days dry Acidic Cr-type WS 03/29/18 12:23 PM 91.71 49.00 49.01 7.403 7.695 6.381 1.022 164.19 
SF-N-CT-6 3-days wet, 4-days dry Acidic Cr-type WS 04/28/18 12:25 PM 121.71 50.05 50.13 7.572 7.705 6.261 1.311 206.18 
SF-N-CT-7 3-days wet, 4-days dry Acidic Cr-type WS 05/28/18 1:57 PM 151.78 49.12 49.45 7.471 7.746 5.897 1.574 250.64 
SF-N-NT-1 3-days wet, 4-days dry Acidic Ni-type WS 01/11/18 2:32 PM 14.80 48.53 48.44 7.355 7.718 7.299 0.056 9.05 
SF-N-NT-2 3-days wet, 4-days dry Acidic Ni-type WS 01/18/18 12:52 PM 21.73 50.55 50.63 7.689 7.746 7.576 0.113 17.46 
SF-N-NT-3 3-days wet, 4-days dry Acidic Ni-type WS 01/29/18 2:20 PM 32.79 49.22 49.12 7.459 7.719 7.25 0.209 33.38 
SF-N-NT-4 3-days wet, 4-days dry Acidic Ni-type WS 02/27/18 1:49 PM 61.77 49.55 49.62 7.535 7.744 7.029 0.506 79.87 
SF-N-NT-5 3-days wet, 4-days dry Acidic Ni-type WS 03/29/18 12:23 PM 91.71 50.22 50.28 7.635 7.744 6.755 0.880 137.30 
SF-N-NT-6 3-days wet, 4-days dry Acidic Ni-type WS 04/28/18 12:25 PM 121.71 50.20 50.21 7.625 7.736 6.608 1.017 158.81 
SF-N-NT-7 3-days wet, 4-days dry Acidic Ni-type WS 05/28/18 1:57 PM 151.78 49.45 49.90 7.577 7.804 6.429 1.148 180.40 
SF-B-PC-1 3-days wet, 4-days dry Basic Plain carbon steel 01/11/18 2:31 PM 14.80 49.65 49.90 7.521 7.715 7.492 0.029 4.59 
SF-B-PC-2 3-days wet, 4-days dry Basic Plain carbon steel 01/18/18 12:54 PM 21.73 50.85 50.82 7.659 7.671 7.558 0.101 15.66 
SF-B-PC-3 3-days wet, 4-days dry Basic Plain carbon steel 01/29/18 2:17 PM 32.79 50.00 50.30 7.580 7.721 7.467 0.113 17.80 
SF-B-PC-4 3-days wet, 4-days dry Basic Plain carbon steel 02/27/18 1:50 PM 61.77 50.82 50.84 7.662 7.679 7.448 0.214 33.28 
SF-B-PC-5 3-days wet, 4-days dry Basic Plain carbon steel 03/29/18 12:26 PM 91.71 51.10 51.15 7.709 7.683 7.557 0.152 23.45 
SF-B-PC-6 3-days wet, 4-days dry Basic Plain carbon steel 04/28/18 12:22 PM 121.71 50.10 50.32 7.584 7.709 7.405 0.179 28.06 









Conditions Retrieval date Time Lact Lcom mi ρ mf Δm d 
Oxygen content pH Steel type (mm/dd/yy hh:mm) (days) (mm) (mm) (g) (g/cm3) (g) (g) (μm) 
SF-B-CT-1 3-days wet, 4-days dry Basic Cr-type WS 01/11/18 2:29 PM 14.80 49.60 49.51 7.480 7.681 7.466 0.014 2.23 
SF-B-CT-2 3-days wet, 4-days dry Basic Cr-type WS 01/18/18 12:53 PM 21.73 50.13 50.32 7.602 7.723 7.556 0.046 7.21 
SF-B-CT-3 3-days wet, 4-days dry Basic Cr-type WS 01/29/18 2:17 PM 32.79 49.88 49.91 7.539 7.697 7.442 0.097 15.32 
SF-B-CT-4 3-days wet, 4-days dry Basic Cr-type WS 02/27/18 1:50 PM 61.77 49.35 49.44 7.468 7.707 7.27 0.198 31.55 
SF-B-CT-5 3-days wet, 4-days dry Basic Cr-type WS 03/29/18 12:26 PM 91.71 49.38 49.19 7.431 7.664 7.297 0.134 21.45 
SF-B-CT-6 3-days wet, 4-days dry Basic Cr-type WS 04/28/18 12:23 PM 121.71 50.00 50.15 7.576 7.717 7.423 0.153 24.10 
SF-B-CT-7 3-days wet, 4-days dry Basic Cr-type WS 05/28/18 1:57 PM 151.78 49.60 49.40 7.463 7.663 7.314 0.149 23.70 
SF-B-NT-1 3-days wet, 4-days dry Basic Ni-type WS 01/11/18 2:28 PM 14.80 49.42 49.23 7.476 7.705 7.452 0.024 3.87 
SF-B-NT-2 3-days wet, 4-days dry Basic Ni-type WS 01/18/18 12:55 PM 21.73 50.03 49.88 7.574 7.709 7.518 0.056 8.75 
SF-B-NT-3 3-days wet, 4-days dry Basic Ni-type WS 01/29/18 2:18 PM 32.79 50.40 50.46 7.663 7.744 7.576 0.087 13.52 
SF-B-NT-4 3-days wet, 4-days dry Basic Ni-type WS 02/27/18 1:51 PM 61.77 49.10 49.14 7.462 7.740 7.323 0.139 22.16 
SF-B-NT-5 3-days wet, 4-days dry Basic Ni-type WS 03/29/18 12:26 PM 91.71 49.20 49.06 7.450 7.712 7.338 0.112 17.83 
SF-B-NT-6 3-days wet, 4-days dry Basic Ni-type WS 04/28/18 12:23 PM 121.71 49.50 49.46 7.510 7.727 7.342 0.168 26.67 
SF-B-NT-7 3-days wet, 4-days dry Basic Ni-type WS 05/28/18 1:57 PM 151.78 48.75 48.57 7.376 7.706 7.209 0.167 26.92 
AE-N-PC-1 Liquid aeration Acidic Plain carbon steel 01/11/18 2:47 PM 14.81 49.60 49.40 7.446 7.645 7.204 0.242 38.62 
AE-N-PC-2 Liquid aeration Acidic Plain carbon steel 01/18/18 1:07 PM 21.74 51.20 50.89 7.670 7.629 7.096 0.574 89.17 
AE-N-PC-3 Liquid aeration Acidic Plain carbon steel 01/29/18 2:04 PM 32.78 50.15 50.25 7.574 7.691 6.873 0.701 110.16 
AE-N-PC-4 Liquid aeration Acidic Plain carbon steel 02/27/18 1:39 PM 61.76 48.67 48.33 7.284 7.623 5.749 1.535 250.51 
AE-N-PC-5 Liquid aeration Acidic Plain carbon steel 03/29/18 12:35 PM 91.72 50.00 49.79 7.503 7.643 4.627 2.876 456.26 
AE-N-PC-6 Liquid aeration Acidic Plain carbon steel 04/28/18 12:31 PM 121.72 48.70 48.34 7.285 7.619 4.012 3.273 533.98 
AE-N-PC-7 Liquid aeration Acidic Plain carbon steel 05/28/18 1:49 PM 151.77 49.43 49.27 7.426 7.650 4.273 3.153 505.08 
AE-N-CT-1 Liquid aeration Acidic Cr-type WS 01/11/18 2:48 PM 14.81 49.75 49.57 7.489 7.667 7.222 0.267 42.43 
AE-N-CT-2 Liquid aeration Acidic Cr-type WS 01/18/18 1:09 PM 21.74 48.80 48.58 7.339 7.659 7.112 0.227 36.72 
AE-N-CT-3 Liquid aeration Acidic Cr-type WS 01/29/18 2:05 PM 32.78 49.08 48.82 7.375 7.653 6.959 0.416 67.12 
AE-N-CT-4 Liquid aeration Acidic Cr-type WS 02/27/18 1:40 PM 61.77 50.40 50.17 7.580 7.659 6.848 0.732 114.94 
AE-N-CT-5 Liquid aeration Acidic Cr-type WS 03/29/18 12:33 PM 91.72 50.50 50.71 7.661 7.726 6.306 1.355 210.70 
AE-N-CT-6 Liquid aeration Acidic Cr-type WS 04/28/18 12:32 PM 121.72 49.75 49.97 7.549 7.728 5.773 1.776 280.11 









Conditions Retrieval date Time Lact Lcom mi mf ρ Δm d 
Oxygen content pH Steel type (mm/dd/yy hh:mm) (days) (mm) (mm) (g) (g) (g/cm3) (g) (μm) 
AE-N-NT-1 Liquid aeration Acidic Ni-type WS 01/11/18 2:46 PM 14.81 49.03 48.83 7.415 7.121 7.702 0.294 47.15 
AE-N-NT-2 Liquid aeration Acidic Ni-type WS 01/18/18 1:05 PM 21.74 49.38 49.28 7.484 6.987 7.718 0.497 78.95 
AE-N-NT-3 Liquid aeration Acidic Ni-type WS 01/29/18 2:06 PM 32.78 49.72 49.74 7.552 6.912 7.737 0.640 100.91 
AE-N-NT-4 Liquid aeration Acidic Ni-type WS 02/27/18 1:41 PM 61.77 49.25 48.97 7.437 6.054 7.690 1.383 221.12 
AE-N-NT-5 Liquid aeration Acidic Ni-type WS 03/29/18 12:36 PM 91.72 49.27 49.55 7.524 5.723 7.778 1.801 284.80 
AE-N-NT-6 Liquid aeration Acidic Ni-type WS 04/28/18 12:33 PM 121.72 49.00 48.79 7.409 4.368 7.701 3.041 488.08 
AE-N-NT-7 Liquid aeration Acidic Ni-type WS 05/28/18 1:51 PM 151.77 49.97 50.16 7.617 4.414 7.763 3.203 500.65 
AE-B-PC-1 Liquid aeration Basic Plain carbon steel 01/11/18 2:52 PM 14.82 49.33 49.15 7.408 7.187 7.648 0.221 35.54 
AE-B-PC-2 Liquid aeration Basic Plain carbon steel 01/18/18 1:16 PM 21.75 49.95 50.08 7.548 7.159 7.696 0.389 61.31 
AE-B-PC-3 Liquid aeration Basic Plain carbon steel 01/29/18 2:07 PM 32.78 49.50 49.32 7.433 6.928 7.647 0.505 80.78 
AE-B-PC-4 Liquid aeration Basic Plain carbon steel 02/27/18 1:35 PM 61.76 48.85 49.10 7.401 6.731 7.716 0.670 107.63 
AE-B-PC-5 Liquid aeration Basic Plain carbon steel 03/29/18 12:39 PM 91.72 50.85 51.00 7.686 6.544 7.698 1.142 177.05 
AE-B-PC-6 Liquid aeration Basic Plain carbon steel 04/28/18 12:34 PM 121.72 49.03 48.87 7.366 6.09 7.651 1.276 206.00 
AE-B-PC-7 Liquid aeration Basic Plain carbon steel 05/28/18 1:52 PM 151.77 48.52 48.31 7.282 5.694 7.644 1.588 259.14 
AE-B-CT-1 Liquid aeration Basic Cr-type WS 01/11/18 2:49 PM 14.81 48.10 48.08 7.263 6.949 7.690 0.314 51.37 
AE-B-CT-2 Liquid aeration Basic Cr-type WS 01/18/18 1:10 PM 21.74 50.00 50.20 7.584 7.048 7.725 0.536 84.15 
AE-B-CT-3 Liquid aeration Basic Cr-type WS 01/29/18 2:08 PM 32.78 49.28 49.14 7.423 6.9 7.671 0.523 83.81 
AE-B-CT-4 Liquid aeration Basic Cr-type WS 02/27/18 1:36 PM 61.76 49.52 49.43 7.467 6.666 7.680 0.801 127.63 
AE-B-CT-5 Liquid aeration Basic Cr-type WS 03/29/18 12:37 PM 91.72 49.60 49.83 7.528 6.4 7.729 1.128 178.31 
AE-B-CT-6 Liquid aeration Basic Cr-type WS 04/28/18 12:35 PM 121.72 49.42 49.22 7.436 6.096 7.664 1.340 214.37 
AE-B-CT-7 Liquid aeration Basic Cr-type WS 05/28/18 1:52 PM 151.77 50.98 51.17 7.730 6.514 7.722 1.216 187.43 
AE-B-NT-1 Liquid aeration Basic Ni-type WS 01/11/18 2:51 PM 14.81 49.35 49.27 7.482 7.288 7.721 0.194 30.79 
AE-B-NT-2 Liquid aeration Basic Ni-type WS 01/18/18 1:12 PM 21.75 50.20 50.30 7.638 7.266 7.749 0.372 57.95 
AE-B-NT-3 Liquid aeration Basic Ni-type WS 01/29/18 2:09 PM 32.79 49.65 49.54 7.523 7.05 7.717 0.473 74.82 
AE-B-NT-4 Liquid aeration Basic Ni-type WS 02/27/18 1:37 PM 61.76 50.35 50.48 7.665 6.969 7.753 0.696 108.15 
AE-B-NT-5 Liquid aeration Basic Ni-type WS 03/29/18 12:38 PM 91.72 50.22 50.38 7.651 6.472 7.759 1.179 183.47 
AE-B-NT-6 Liquid aeration Basic Ni-type WS 04/28/18 12:36 PM 121.72 49.67 49.76 7.556 6.006 7.748 1.550 244.19 
AE-B-NT-7 Liquid aeration Basic Ni-type WS 05/28/18 1:53 PM 151.77 49.35 49.15 7.464 6.011 7.703 1.453 231.51 
*Note: 




   where A = π(2.5)2= 19.63 mm2 
ρave : PC =  7.676 g/cm3, CT =  7.694 g/cm3, NT =  7.734 g/cm3 
Time of immersion for all steel bars: 12/27/2017, 7:18 PM
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APPENDIX 5. Half-cell potential of uncracked mortars. 





Sample 1 (mV) Sample 2 (mV) Average 
(mV) 
Std. dev. 
(mV) 1 2 3 1 2 3 
W 3.0 -716 -716 -718 -766 -761 -764 -740.2 25.8 
D 7.0 -400 -402 -393 -290 -307 -306 -349.7 53.7 
W 9.9 -573 -578 -575 -399 -393 -394 -485.3 98.6 
D 14.0 -471 -472 -473 -332 -329 -327 -400.7 78.2 
W 17.0 -584 -587 -588 -356 -351 -354 -470.0 127.5 
D 21.0 -546 -549 -545 -339 -337 -341 -442.8 113.8 
W 24.0 -560 -566 -564 -374 -377 -372 -468.8 103.5 
D 28.0 -515 -526 -516 -356 -352 -349 -435.7 91.4 
W 31.0 -559 -569 -568 -338 -334 -335 -450.5 125.8 
D 36.0 -509 -501 -504 -337 -328 -335 -419.0 93.9 
W 39.0 -579 -584 -583 -363 -363 -364 -472.7 119.8 
D 42.0 -513 -523 -520 -327 -326 -332 -423.5 104.3 
W 45.0 -573 -581 -583 -385 -376 -377 -479.2 109.5 
D 49.0 -466 -483 -469 -293 -288 -292 -381.8 99.7 
W 52.0 -529 -544 -536 -358 -359 -359 -447.5 97.4 
D 56.1 -472 -485 -477 -284 -280 -286 -380.7 106.7 
W 59.1 -499 -512 -502 -354 -350 -351 -428.0 83.7 
D 63.1 -465 -478 -472 -297 -292 -298 -383.7 96.5 
W 66.0 -466 -481 -479 -349 -344 -343 -410.3 71.4 
D 70.1 -388 -402 -398 -273 -265 -274 -333.3 68.9 
W 73.0 -475 -480 -476 -363 -357 -357 -418.0 64.7 
D 77.0 -361 -376 -368 -278 -286 -289 -326.3 46.4 
W 80.0 -405 -415 -409 -355 -349 -350 -380.5 32.2 
D 84.1 -282 -296 -289 -264 -255 -262 -274.7 16.6 
W 87.1 -402 -405 -399 -400 -397 -398 -400.2 2.9 
D 91.0 -367 -394 -384 -307 -301 -302 -342.5 43.8 
W 94.1 -396 -405 -398 -398 -388 -389 -395.7 6.3 
D 98.1 -359 -375 -371 -315 -309 -322 -341.8 29.8 
W 101.1 -547 -554 -548 -373 -365 -373 -460.0 98.3 
D 105.1 -464 -476 -466 -267 -267 -272 -368.7 109.6 
W 108.0 -533 -533 -536 -390 -388 -386 -461.0 80.0 
D 112.1 -457 -468 -465 -278 -270 -275 -368.8 103.6 
W 115.1 -562 -572 -566 -424 -427 -426 -496.2 77.3 















Sample 1 (mV) Sample 2 (mV) Average 
(mV) 
Std. dev. 
(mV) 1 2 3 1 2 3 
W 3.1 -607 -607 -609 -506 -507 -509 -557.5 55.0 
D 7.0 -261 -261 -267 -276 -290 -288 -273.8 13.0 
W 10.0 -268 -265 -267 -295 -300 -291 -281.0 16.0 
D 14.0 -270 -267 -268 -316 -316 -315 -292.0 25.9 
W 17.0 -285 -284 -286 -313 -326 -308 -300.3 17.8 
D 21.0 -317 -313 -314 -320 -326 -324 -319.0 5.3 
W 24.0 -304 -309 -308 -301 -305 -314 -306.8 4.5 
D 28.0 -288 -286 -291 -289 -295 -291 -290.0 3.1 
W 31.0 -263 -266 -269 -332 -328 -320 -296.3 33.5 
D 36.0 -289 -288 -280 -321 -323 -329 -305.0 21.6 
W 39.0 -300 -296 -300 -404 -408 -394 -350.3 56.8 
D 42.0 -278 -279 -271 -356 -353 -351 -314.7 42.5 
W 45.0 -275 -270 -269 -527 -516 -512 -394.8 135.4 
D 49.0 -248 -251 -251 -463 -468 -467 -358.0 118.3 
W 52.0 -292 -301 -294 -545 -535 -528 -415.8 131.8 
D 56.1 -239 -244 -242 -440 -444 -438 -341.2 109.0 
W 59.1 -345 -347 -346 -570 -572 -562 -457.0 121.6 
D 63.1 -252 -255 -256 -433 -445 -443 -347.3 102.0 
W 66.0 -284 -278 -275 -499 -503 -503 -390.3 122.0 
D 69.8 -227 -231 -232 -408 -416 -408 -320.3 99.0 
W 73.0 -272 -273 -276 -497 -488 -496 -383.7 120.5 
D 77.0 -238 -239 -239 -384 -386 -378 -310.7 78.9 
W 80.0 -274 -285 -276 -429 -435 -427 -354.3 83.4 
D 84.1 -216 -213 -219 -419 -419 -406 -315.3 108.9 
W 87.1 -276 -276 -264 -486 -480 -482 -377.3 115.5 
D 91.0 -243 -241 -234 -364 -372 -359 -302.2 69.0 
W 94.1 -264 -265 -269 -477 -475 -466 -369.3 113.3 
D 98.1 -223 -233 -236 -363 -366 -351 -295.3 71.1 
W 101.1 -276 -276 -275 -513 -519 -515 -395.7 131.5 
D 105.1 -232 -243 -239 -407 -412 -394 -321.2 91.4 
W 108.0 -299 -296 -294 -563 -561 -554 -427.8 144.1 
D 112.1 -223 -216 -227 -466 -467 -452 -341.8 131.4 
W 115.1 -278 -272 -271 -591 -589 -579 -430.0 171.3 
















Sample 1 (mV) Sample 2 (mV) Average 
(mV) 
Std. dev. 
(mV) 1 2 3 1 2 3 
W 3.0 -598 -600 -599 -369 -368 -371 -484.2 125.8 
D 7.0 -281 -276 -261 -278 -279 -276 -275.2 7.2 
W 10.0 -353 -353 -354 -309 -309 -315 -332.2 23.3 
D 14.0 -302 -303 -304 -369 -369 -369 -336.0 36.2 
W 17.0 -369 -362 -360 -378 -380 -379 -371.3 8.9 
D 21.0 -300 -297 -298 -332 -342 -344 -318.8 22.8 
W 24.0 -353 -351 -353 -333 -325 -329 -340.7 13.0 
D 28.0 -377 -376 -370 -331 -338 -337 -354.8 21.6 
W 31.0 -367 -361 -361 -334 -331 -331 -347.5 17.2 
D 36.0 -318 -315 -309 -333 -338 -349 -327.0 15.4 
W 39.0 -358 -351 -351 -336 -332 -333 -343.5 11.1 
D 42.0 -260 -258 -253 -315 -324 -320 -288.3 34.5 
W 45.0 -353 -351 -351 -310 -300 -299 -327.3 26.9 
D 49.0 -312 -318 -314 -266 -278 -277 -294.2 22.9 
W 52.0 -348 -347 -346 -417 -406 -405 -378.2 34.4 
D 56.1 -227 -226 -224 -274 -287 -285 -253.8 31.2 
W 59.1 -361 -370 -362 -331 -326 -335 -347.5 18.9 
D 63.1 -288 -288 -281 -304 -319 -313 -298.8 15.4 
W 66.0 -358 -357 -356 -363 -365 -361 -360.0 3.6 
D 70.1 -230 -229 -223 -271 -279 -278 -251.7 26.9 
W 73.0 -367 -362 -363 -342 -342 -333 -351.5 14.2 
D 77.0 -290 -281 -280 -399 -408 -400 -343.0 65.2 
W 80.0 -363 -357 -358 -470 -463 -459 -411.7 57.5 
D 84.1 -262 -250 -261 -375 -382 -382 -318.7 67.0 
W 87.1 -414 -416 -418 -480 -477 -473 -446.3 33.3 
D 91.0 -344 -334 -335 -415 -419 -412 -376.5 42.7 
W 94.1 -390 -380 -379 -498 -505 -501 -442.2 65.0 
D 98.1 -330 -320 -323 -446 -460 -451 -388.3 70.3 
W 101.1 -394 -386 -384 -487 -488 -488 -437.8 54.7 
D 105.1 -335 -325 -334 -433 -444 -439 -385.0 59.0 
W 108.0 -399 -394 -393 -483 -488 -484 -440.2 49.2 
D 112.1 -351 -338 -344 -430 -440 -440 -390.5 50.9 
W 115.1 -405 -396 -396 -477 -473 -481 -438.0 42.9 










APPENDIX 6. Half-cell potential of cracked mortars. 
 





Sample 1 (mV) Sample 2 (mV) Average 
(mV) 
Std. dev. 
(mV) 1 2 1 2 
W 3.0 -344 -345 -441 -442 -393.0 56.0 
D 7.0 -320 -317 -388 -404 -357.3 45.2 
W 10.0 -397 -394 -389 -384 -391.0 5.7 
D 14.0 -344 -339 -355 -350 -347.0 7.0 
W 16.9 -396 -398 -387 -391 -393.0 5.0 
D 21.0 -345 -340 -369 -368 -355.5 15.2 
W 24.0 -399 -391 -420 -414 -406.0 13.3 
D 28.0 -380 -371 -374 -370 -373.8 4.5 
W 31.0 -669 -654 -458 -452 -558.3 119.4 
D 36.0 -416 -413 -370 -376 -393.8 24.1 
W 39.0 -632 -629 -480 -472 -553.3 89.3 
D 42.0 -397 -391 -365 -363 -379.0 17.5 
W 45.0 -619 -615 -443 -438 -528.8 101.9 
D 49.1 -465 -465 -318 -329 -394.3 81.8 
W 52.0 -636 -630 -488 -484 -559.5 84.9 
D 56.1 -442 -436 -370 -369 -404.3 40.2 
W 59.1 -637 -634 -456 -454 -545.3 104.2 
D 63.1 -432 -423 -350 -354 -389.8 43.8 
W 66.0 -610 -603 -464 -460 -534.3 83.5 
D 70.1 -388 -385 -344 -350 -366.8 23.0 
W 73.0 -602 -597 -462 -452 -528.3 82.4 
D 77.1 -389 -387 -314 -317 -351.8 41.9 
W 80.1 -613 -610 -422 -416 -515.3 111.2 
D 84.1 -435 -427 -311 -309 -370.5 69.9 
W 87.1 -597 -596 -465 -460 -529.5 77.4 
D 91.1 -414 -409 -342 -337 -375.5 41.7 
W 94.1 -583 -574 -449 -445 -512.8 76.0 
D 98.1 -369 -366 -363 -371 -367.3 3.5 
W 101.1 -572 -571 -487 -487 -529.3 48.8 
D 105.1 -452 -475 -333 -326 -396.5 78.0 
W 108.0 -600 -589 -477 -472 -534.5 69.5 
D 112.1 -418 -412 -431 -433 -423.5 10.1 
W 115.1 -576 -570 -561 -555 -565.5 9.3 













Sample 1 (mV) Sample 2 (mV) Average 
(mV) 
Std. dev. 
(mV) 1 2 1 2 
W 3.1 -327 -330 -456 -460 -393.3 74.8 
D 7.0 -313 -313 -311 -307 -311.0 2.8 
W 10.0 -344 -344 -411 -410 -377.3 38.4 
D 14.0 -339 -346 -332 -330 -336.8 7.3 
W 17.0 -357 -357 -452 -452 -404.5 54.8 
D 21.0 -371 -375 -368 -366 -370.0 3.9 
W 24.0 -356 -366 -525 -523 -442.5 94.2 
D 28.0 -295 -298 -362 -361 -329.0 37.5 
W 31.0 -381 -386 -493 -490 -437.5 62.4 
D 35.9 -269 -268 -339 -348 -306.0 43.5 
W 39.0 -259 -255 -455 -455 -356.0 114.3 
D 42.0 -227 -227 -204 -204 -215.5 13.3 
W 45.1 -253 -257 -386 -388 -321.0 76.2 
D 49.0 -179 -185 -196 -191 -187.8 7.4 
W 52.1 -197 -197 -371 -362 -281.8 97.9 
D 56.1 -175 -178 -346 -345 -261.0 97.6 
W 59.1 -253 -258 -453 -453 -354.3 114.0 
D 63.1 -163 -162 -256 -248 -207.3 51.8 
W 66.0 -172 -179 -451 -450 -313.0 158.8 
D 70.1 -193 -191 -201 -196 -195.3 4.3 
W 73.0 -230 -231 -394 -387 -310.5 92.4 
D 77.1 -355 -352 -185 -182 -268.5 98.2 
W 80.1 -462 -453 -402 -395 -428.0 34.4 
D 84.1 -360 -353 -197 -188 -274.5 94.8 
W 87.1 -394 -394 -485 -477 -437.5 50.3 
D 91.1 -298 -293 -248 -244 -270.8 28.7 
W 94.1 -406 -407 -484 -473 -442.5 41.8 
D 98.1 -252 -254 -182 -171 -214.8 44.4 
W 101.1 -396 -390 -434 -425 -411.3 21.5 
D 105.1 -315 -322 -216 -211 -266.0 60.7 
W 108.0 -467 -463 -396 -397 -430.8 39.6 
D 112.1 -341 -353 -221 -213 -282.0 75.3 
W 115.1 -366 -376 -361 -356 -364.8 8.5 














Sample 1 (mV) Sample 2 (mV) Average 
(mV) 
Std. dev. 
(mV) 1 2 1 2 
W 3.0 -341 -335 -284 -285 -311.3 31.0 
D 7.0 -335 -336 -274 -303 -312.0 29.6 
W 9.9 -374 -369 -289 -291 -330.8 47.1 
D 14.0 -286 -289 -288 -291 -288.5 2.1 
W 17.0 -396 -392 -308 -306 -350.5 50.3 
D 21.0 -312 -312 -332 -329 -321.3 10.8 
W 24.0 -367 -363 -395 -393 -379.5 16.8 
D 28.0 -322 -316 -303 -302 -310.8 9.8 
W 31.0 -421 -414 -452 -445 -433.0 18.3 
D 36.0 -264 -259 -303 -313 -284.8 27.2 
W 39.0 -433 -434 -364 -363 -398.5 40.4 
D 42.0 -327 -322 -357 -359 -341.3 19.5 
W 45.0 -417 -397 -351 -349 -378.5 33.9 
D 49.0 -259 -268 -288 -301 -279.0 19.0 
W 52.0 -376 -374 -329 -329 -352.0 26.6 
D 56.1 -310 -288 -282 -292 -293.0 12.1 
W 59.1 -400 -395 -320 -320 -358.8 44.8 
D 63.1 -288 -289 -271 -271 -279.8 10.1 
W 66.0 -397 -391 -322 -320 -357.5 42.2 
D 70.1 -281 -279 -265 -271 -274.0 7.4 
W 73.0 -384 -390 -319 -323 -354.0 38.2 
D 77.1 -290 -296 -282 -285 -288.3 6.1 
W 80.0 -393 -392 -317 -316 -354.5 43.9 
D 84.1 -299 -303 -252 -256 -277.5 27.2 
W 87.1 -374 -370 -310 -308 -340.5 36.4 
D 91.1 -395 -384 -321 -322 -355.5 39.5 
W 94.1 -446 -444 -360 -359 -402.3 49.4 
D 98.1 -408 -406 -272 -280 -341.5 75.7 
W 101.1 -411 -400 -313 -313 -359.3 53.6 
D 105.1 -360 -357 -257 -269 -310.8 55.4 
W 108.0 -413 -412 -353 -358 -384.0 33.0 
D 112.1 -381 -373 -251 -255 -315.0 71.7 
W 115.1 -458 -453 -364 -361 -409.0 53.7 









APPENDIX 7. Corrosion depths considering the total length of steel 
bars (before cutting). 
No. Specimen ID 
Retrieval time t Lo V mio ρ Li mfo Δm d 
(mm/dd/yy) (days) (mm) (mm3) (g) (g/cm3) (mm) (g) (g) (μm) 
1 PC-N-60 (1) 10/5/19 28 201.750 5,666.38 44.583 7.868 153.775 44.563 0.019 0.858 
2 PC-N-60 (2) 11/2/19 56 201.150 5,649.53 44.456 7.869 153.900 44.216 0.240 10.549 
3 PC-N-90 (1) 12/7/19 91 202.000 5,673.40 44.643 7.869 154.600 44.229 0.414 18.114 
4 PC-N-90 (2) 12/7/19 91 201.350 5,655.15 44.515 7.872 154.750 44.323 0.192 8.392 
5 PC-N-120 (1) 01/04/20 119 201.150 5,649.53 44.462 7.870 154.050 44.118 0.344 15.105 
6 PC-N-120 (2) 01/04/20 119 200.600 5,634.08 44.323 7.867 153.925 44.171 0.152 6.680 
7 PC-C-60 (1) 10/5/19 28 202.100 5,676.21 44.679 7.871 153.900 44.674 0.005 0.220 
8 PC-C-60 (2) 11/2/19 56 201.925 5,671.30 44.635 7.870 154.500 44.273 0.362 15.849 
9 PC-C-90 (1) 12/7/19 91 201.825 5,668.49 44.584 7.865 154.400 44.133 0.450 19.736 
10 PC-C-90 (2) 12/7/19 91 200.825 5,640.40 44.389 7.870 153.950 44.136 0.254 11.138 
11 PC-C-120 (1) 01/04/20 119 201.600 5,662.17 44.571 7.872 153.975 44.345 0.226 9.928 
12 PC-C-120 (2) 01/04/20 119 201.400 5,656.55 44.504 7.868 153.875 44.347 0.157 6.924 
13 CT-N-60 (1) 11/2/19 56 199.700 3,874.19 30.508 7.875 154.575 30.328 0.180 9.472 
14 CT-N-60 (2) 11/2/19 56 199.750 3,875.16 30.511 7.873 153.950 30.377 0.134 7.080 
15 CT-N-90 (1) 12/7/19 91 199.650 3,873.22 30.498 7.874 154.075 30.237 0.261 13.753 
16 CT-N-90 (2) 12/7/19 91 199.450 3,869.34 30.462 7.873 153.850 30.259 0.203 10.706 
17 CT-N-120 (1) 01/04/20 119 199.400 3,868.37 30.461 7.874 154.675 30.263 0.198 10.412 
18 CT-N-120 (2) 01/04/20 119 199.600 3,872.25 30.489 7.874 154.325 30.185 0.304 16.023 
19 CT-C-60 (1) 11/2/19 56 199.625 3,872.73 30.497 7.875 153.850 30.355 0.142 7.534 
20 CT-C-60 (2) 11/2/19 56 199.375 3,867.88 30.452 7.873 154.425 30.233 0.219 11.509 
21 CT-C-90 (1) 12/7/19 91 199.400 3,868.37 30.458 7.874 154.000 30.249 0.209 11.039 
22 CT-C-90 (2) 12/7/19 91 199.700 3,874.19 30.498 7.872 153.925 30.335 0.164 8.640 
23 CT-C-120 (1) 01/04/20 119 199.575 3,871.76 30.492 7.875 154.475 30.228 0.264 13.901 
24 CT-C-120 (2) 01/04/20 119 199.550 3,871.28 30.485 7.875 154.425 30.243 0.242 12.747 
25 NT-N-60 (1) 11/2/19 56 200.350 3,886.80 30.733 7.907 154.300 30.156 0.577 30.258 
26 NT-N-60 (2) 11/2/19 56 199.850 3,877.10 30.656 7.907 154.525 30.093 0.563 29.533 
27 NT-N-90 (1) 12/7/19 91 199.600 3,872.25 30.617 7.907 154.500 30.143 0.474 24.846 
28 NT-N-90 (2) 12/7/19 91 200.275 3,885.34 30.740 7.912 153.875 30.124 0.616 32.447 
29 NT-N-120 (1) 01/04/20 119 199.575 3,871.76 30.622 7.909 153.950 30.004 0.618 32.536 
30 NT-N-120 (2) 01/04/20 119 199.700 3,874.19 30.637 7.908 154.375 30.024 0.613 32.158 
31 NT-C-60 (1) 11/2/19 56 199.550 3,871.28 30.611 7.907 154.400 29.993 0.618 32.415 
32 NT-C-60 (2) 11/2/19 56 199.650 3,873.22 30.634 7.909 153.975 30.060 0.575 30.217 
33 NT-C-90 (1) 12/7/19 91 199.800 3,876.13 30.650 7.907 154.425 30.171 0.479 25.120 
34 NT-C-90 (2) 12/7/19 91 199.750 3,875.16 30.646 7.908 154.600 30.079 0.567 29.702 
35 NT-C-120 (1) 01/04/20 119 199.800 3,876.13 30.655 7.909 154.075 30.134 0.522 27.411 
36 NT-C-120 (2) 01/04/20 119 199.700 3,874.19 30.645 7.910 154.325 29.976 0.669 35.134 
*Note: 
All given values are average of 3 measurements. 
ρave : PC =  7.869 g/cm
3, CT =  7.874 g/cm3, NT =  7.908 g/cm3 
Diameter of steel bars: PC = 6.0 mm, CT = 5.0 mm, NT = 5.0 mm 






APPENDIX 8. Corrosion depths on steel bars inside the mortars (after 
cutting) 
No. Specimen ID 
Retrieval time t Lo mio Lc mic mfc Δm d 
(mm/dd/yy) (days) (mm) (g) (mm) (g) (g) (g) (μm) 
1 PC-N-60 (1) 10/5/19 28 201.750 44.583 138.850 30.683 30.679 0.004 0.191 
2 PC-N-60 (2) 11/2/19 56 201.150 44.456 143.500 31.715 31.627 0.088 4.140 
3 PC-N-90 (1) 12/7/19 91 202.000 44.643 139.650 30.863 30.616 0.247 11.981 
4 PC-N-90 (2) 12/7/19 91 201.350 44.515 142.150 31.427 31.345 0.082 3.881 
5 PC-N-120 (1) 01/04/20 119 201.150 44.462 131.525 29.072 28.860 0.212 10.911 
6 PC-N-120 (2) 01/04/20 119 200.600 44.323 134.000 29.608 29.588 0.020 0.989 
7 PC-C-60 (1) 10/5/19 28 202.100 44.679 144.400 31.923 31.919 0.004 0.173 
8 PC-C-60 (2) 11/2/19 56 201.925 44.635 139.650 30.869 30.660 0.210 10.161 
9 PC-C-90 (1) 12/7/19 91 201.825 44.584 138.300 30.551 30.296 0.255 12.458 
10 PC-C-90 (2) 12/7/19 91 200.825 44.389 141.750 31.331 31.242 0.089 4.269 
11 PC-C-120 (1) 01/04/20 119 201.600 44.571 133.350 29.482 29.440 0.042 2.123 
12 PC-C-120 (2) 01/04/20 119 201.400 44.504 134.250 29.666 29.627 0.039 1.947 
13 CT-N-60 (1) 11/2/19 56 199.700 30.508 140.200 21.418 21.365 0.053 3.089 
14 CT-N-60 (2) 11/2/19 56 199.750 30.511 139.650 21.331 21.299 0.032 1.862 
15 CT-N-90 (1) 12/7/19 91 199.650 30.498 144.100 22.012 21.929 0.083 4.712 
16 CT-N-90 (2) 12/7/19 91 199.450 30.462 140.065 21.392 21.243 0.149 8.640 
17 CT-N-120 (1) 01/04/20 119 199.400 30.461 113.325 17.312 17.239 0.073 5.248 
18 CT-N-120 (2) 01/04/20 119 199.600 30.489 132.150 20.186 20.073 0.113 6.954 
19 CT-C-60 (1) 11/2/19 56 199.625 30.497 141.350 21.594 21.550 0.044 2.546 
20 CT-C-60 (2) 11/2/19 56 199.375 30.452 139.850 21.360 21.240 0.120 6.977 
21 CT-C-90 (1) 12/7/19 91 199.400 30.458 138.200 21.110 20.901 0.209 12.290 
22 CT-C-90 (2) 12/7/19 91 199.700 30.498 140.000 21.381 21.321 0.060 3.467 
23 CT-C-120 (1) 01/04/20 119 199.575 30.492 131.650 20.114 19.997 0.117 7.215 
24 CT-C-120 (2) 01/04/20 119 199.550 30.485 114.275 17.457 17.380 0.078 5.542 
25 NT-N-60 (1) 11/2/19 56 200.350 30.733 137.800 21.138 20.854 0.284 16.673 
26 NT-N-60 (2) 11/2/19 56 199.850 30.656 137.950 21.161 20.793 0.368 21.595 
27 NT-N-90 (1) 12/7/19 91 199.600 30.617 139.400 21.383 21.114 0.269 15.617 
28 NT-N-90 (2) 12/7/19 91 200.275 30.740 138.900 21.320 20.962 0.358 20.851 
29 NT-N-120 (1) 01/04/20 119 199.575 30.622 113.200 17.369 16.986 0.383 27.398 
30 NT-N-120 (2) 01/04/20 119 199.700 30.637 112.200 17.213 16.851 0.362 26.122 
31 NT-C-60 (1) 11/2/19 56 199.550 30.611 141.200 21.660 21.285 0.375 21.494 
32 NT-C-60 (2) 11/2/19 56 199.650 30.634 141.050 21.643 21.298 0.345 19.780 
33 NT-C-90 (1) 12/7/19 91 199.800 30.650 121.550 18.646 18.399 0.247 16.469 
34 NT-C-90 (2) 12/7/19 91 199.750 30.646 140.200 21.510 21.193 0.317 18.296 
35 NT-C-120 (1) 01/04/20 119 199.800 30.655 113.150 17.360 17.093 0.267 19.141 
36 NT-C-120 (2) 01/04/20 119 199.700 30.645 131.750 20.218 19.771 0.447 27.460 
*Note: 
All given values are average of 3 measurements. 
𝑚𝑖𝑐 = 𝑚𝑖𝑜 (
𝐿𝑐
𝐿𝑜
) 
 
